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Diffuse intrinsic pontine gliomas (DIPGs) are highly aggressive
tumors of childhood that are almost universally fatal. Our un-
derstanding of this devastating cancer is limited by a dearth of
available tissue for study and by the lack of a faithful animalmodel.
Intriguingly, DIPGs are restricted to the ventral pons and occur
during a narrow window of middle childhood, suggesting dysre-
gulation of a postnatal neurodevelopmental process. Here, we
report the identification of a previously undescribed population of
immunophenotypic neural precursor cells in the human andmurine
brainstem whose temporal and spatial distributions correlate
closely with the incidence of DIPG and highlight a candidate cell
of origin. Using early postmortem DIPG tumor tissue, we have
established in vitro and xenograft models and find that the Hedge-
hog (Hh) signaling pathway implicated in many developmental
and oncogenic processes is active in DIPG tumor cells. Modulation
of Hh pathway activity has functional consequences for DIPG self-
renewal capacity in neurosphere culture. The Hh pathway also
appears to be active in normal ventral pontine precursor-like cells
of the mouse, and unregulated pathway activity results in hyper-
trophyof the ventral pons. Together, thesefindings provide a foun-
dation for understanding the cellular and molecular origins of
DIPG, and suggest that the Hh pathway represents a potential ther-
apeutic target in this devastating pediatric tumor.
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Brainstem gliomas account for 10–20% of childhood brain
tumors (1). Such tumors cluster into two disparate groups

with widely divergent outcomes. Gliomas of the ventral pons
(basis pontis), hereafter referred to as diffuse intrinsic pontine
gliomas (DIPGs) (Fig. 1A), are typically diffusely infiltrative,
higher grade [World Health Organization (WHO) II–IV], ex-
tremely aggressive cancers, leading to death in less than a year.
Those arising in the dorsal pons (pontine tegmentum), midbrain,
or medulla, in contrast, tend to be low-grade gliomas (often
pilocytic astrocytomas or gangliogliomas) with a markedly more
favorable course of survival, sometimes for years or decades (2,
3). DIPGs of the ventral pons peak in incidence in middle
childhood (at the age of 6–7 y) and are rare in adulthood (3, 4)
(Fig. 1B). The region- and age-specific nature of brainstem gli-
omas suggests that the underlying pathophysiology involves
dysregulation of a postnatal neurodevelopmental process.
Neural stem cells, defined as cells with the capacity for self-

renewal and production of multipotential progeny, are well rec-
ognized in the postnatal forebrain and spinal cord (5). For ex-
ample, adult stem cell populations in the postnatal lateral
ventricle subventricular zone contribute to olfactory bulb neu-
rogenesis throughout life, and progenitors in the postnatal hip-
pocampus produce granule cell layer neurons throughout life (5,
6). The presence of stem cells throughout the ventricular system
of the neuroaxis has been described (7), but little attention has
been paid to those in the subventricular zone of the third and
fourth (IVth) ventricles. In addition to multipotent stem cells,
important populations of more differentiated neural precursor

cells exist throughout the central nervous system but are similarly
underexplored in the brainstem.
The relationship of normal neural stem cells to so-called

“cancer stem cells” (CSCs) is somewhat controversial, but there
is an emerging view that certain brain tumors might arise from
stem-like precursor cell populations in both children and adults
(8–10). CSCs or tumor-initiating cells, isolated from primary
brain tumors, possess many of the characteristics of normal
neural stem cells, generate neurospheres in vitro, and can re-
capitulate the tumor in vitro and in vivo, whereas other cell types
from the tumor cannot (8, 11). The glioma-initiating cells studied
to date, isolated from other types of glial tumors, resemble
normal neural stem cells in some respects, such as immuno-
phenotype and molecular gene expression (8, 12, 13).
The clinical behavior of DIPG suggests it is a unique disease,

distinct from typical high-grade gliomas occurring elsewhere in the
central nervous system. The study of DIPG biology has been lim-
ited by a dearth of available tumor tissue, however. Biopsy of this
tumor is rare, because the diagnosis can typically be made byMRI
appearance alone and brainstem surgery poses a significant risk of
morbidity. With little human tissue available for study and no re-
alistic animalmodels, fewpublished studies address the underlying
biology ofDIPGandno advances in treatment have occurred since
the application of radiation therapy 35 y ago (4, 14).

Results
Nestin+ and Olig2+ Cell Populations in the Developing Human Ventral
Pons. The spatial and temporal specificity of brainstem tumors
(Fig. 1 A and B) prompted a close examination of the spatial and
temporal distribution of neural precursor cells in the human
brainstem throughout postnatal life. To accomplish this, 24 nor-
mal postmortem brainstem samples from all three brainstem
regions—midbrain, pons, and medulla (Fig. 1A)—were analyzed
from subjects lacking evidence of neurological, developmental, or
oncological disease.
Immunohistochemical analysis and confocal microscopy re-

vealed two distinct Nestin-immunopositive cell populations in the
postnatal human brainstem: one population in the subventricular
zone (defined as 50 μm deep to the ependymal layer) of the floor
of the IVth ventricle and one population in the ventral pons. The
ventral pontine Nestin+ cells exhibit a distinct morphology, with
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long thin processes in a bipolar arrangement (Fig. 1C). These
Nestin+ cells also express the primitive neural precursor cell
marker Vimentin but not GFAP (Fig. S1 A and B). In contrast,
immunophenotypic neural precursor cells of the floor of the IVth
ventricle subventricular zone do not uniformly coexpress Nestin
and Vimentin (Fig. S1C). Approximately half (40–60%) of the
Nestin+/Vimentin+ ventral pontine cells also express the basic
helix–loop–helix transcription factor Olig2 (Fig. 1C), a marker
frequently found in cells that ultimately give rise to oligoden-
droglial precursors. This cell type is morphologically distinct from
Nestin+ cells of the subventricular zone of the IVth ventricular
floor, located in dorsal regions of the brainstem (Fig. S1C andD).
The density of this Nestin+ cell type in the human midbrain,

pons, and medulla was quantified throughout childhood (Fig. 1 D
and E and Fig. S1E). During infancy, this cell type is present in all
ventral brainstem structures and then wanes by 2 y of age. In the
human pons, this cell type again increases in density in middle
childhood, peaking around the age of 6 y. This second peak in the
ventral pontine Nestin+ population corresponds strikingly with
the incidence of DIPG (Fig. 1 B and D). A similar temporal dis-
tribution was observed in the medulla (Fig. S1E). In contrast, no
such Nestin+ cell population is seen in the midbrain after infancy
(Fig. 1E).

Hedgehog Signaling Drives Proliferation of Olig2+ Cells in the Murine
Ventral Pons.Given the experimental limitations of human tissue,
we investigated the occurrence of a correlate pontine precursor-
like cell (PPC) population in the mouse. A caveat that should be
noted is that murine brainstem anatomy (Fig. 2A) does not ex-
actly mirror human brainstem anatomy. For example, some
structures present in human medulla, such as the dorsal vagal
complex, are instead found in the murine pons. We found
Nestin+ cells in the ependymal and subventricular zone of the
murine IVth ventricular floor, similar to the floor of the human
IVth ventricle. Nestin+ and Vimentin+ cells were extremely rare
in the ventral murine brainstem at any time point during post-
natal life, however. Nevertheless, we found a robust population
of Olig2+ cells in the far ventral pons (Fig. 2B and Fig. S2A), and
some of these cells also expressed SOX2, a marker of primitive
cell types (13) (Fig. S2A), suggesting precursor cell identity.
The Hedgehog (Hh) pathway is of interest in these candidate

PPCs because of its established role in the physiology of other

ventral neural precursor cell populations (15) and because Olig2
is known to be regulated in ventral embryonic spinal cord by
Sonic hedgehog (Shh) (16). We therefore used a reporter for Hh
pathway activity in which β-galactosidase is expressed under
control of the promoter of the Hh pathway target, Gli1 (Gli1::
LacZ), and found expression of β-galactosidase concentrated in
the far ventral pons (Fig. 2C). On closer examination, we found
that all β-galactosidase+ ventral pontine cells are also dual-
positive for Olig2 and SOX2 expression (Fig. 2B and Fig. S2A).
These Hh-responsive cells emerge around postnatal day (P)
14 and increase dramatically in this region from P14 to P21
(Fig. 2D), a time period in the mouse that roughly corresponds
to “middle childhood” in humans, based on eye and tooth de-
velopment. Unbiased stereological quantification reveals a three-
fold increase in the total number of Hh-responsive cells in the
ventral pons from P14 to P21 (Fig. 2E; 5,011 ± 373 at P14 vs.
14,599 ± 812 at P21, n = 4 animals per group; P < 0.001). These
β-galactosidase+ cells in the ventral pons do not coexpress the
proliferation marker Ki67 but are intermixed with cells that are
copositive for Ki67 and the oligodendrocyte precursor marker
PDGF receptor-α (PDGFR-α) (Fig. S2B). On the basis of their
location and time of emergence, these murine PPCs thus re-
semble human PPCs (Discussion).
Because of the established role for Hh signaling both in nor-

mal neural precursor cells (9, 15, 17, 18) and in other brain
tumors, such as medulloblastoma (19–22), we postulated that the
Hh pathway might play a role in transformation of this ventral
PPC population. To test the functional and possibly oncogenic
role of the Hh pathway in ventral pontine Olig2+ precursor cells,
we used a genetic mouse model in which the Hh pathway is
specifically up-regulated in Olig2+ cells. An Olig2-Cre mouse
was crossed to a Rosa26-flox-stop-flox-SmoothenedM2 (R26-lsl-
SmoM2) mouse, such that Cre recombination results in expres-
sion of the constitutively active SmoothenedM2 protein, thus
constitutively activating the Hh pathway in cells expressing Olig2
and their progeny. In this Olig2-Cre; R26-lsl-SmoM2 mouse, we
observed a 2.8-fold increase in the absolute number of pro-
liferating cells in the ventral pons at P14 detected by Ki67 im-
munohistochemistry and quantified using unbiased stereology
(Fig. 2 F andG; 18,728 ± 1,887 in control mice vs. 51,757 ± 3,434
in Olig2-Cre; R26-lsl-SmoM2 heterozygous mice, n = 3 animals
per group; P < 0.005). As in control littermates and in the Gli1-

Fig. 1. Spatiotemporal distribu-
tion of ventral pontine PPCs and
incidence of DIPG. (A) Sagittal and
axial MRI scans showing normal
brainstem anatomy (Left) and DIPG
(Right). The DIPG tumor is indicated
by an asterisk. C, cerebellum; M,
midbrain, P, pons, S, spinal cord; IV,
fourth ventricle. (B) Incidence of
DIPG expressed at age of diagnosis.
Data were drawn from the Stan-
ford University Brain Tumor Data-
base and represent all patients with
DIPG cared for at Stanford Univer-
sity Medical Center from 1997–2008
(n = 47). (C ) Ventral PPC visualized
on confocal micrograph [Left; Nes-
tin (green) and Olig2 (red), magni-
fication 40×] and light micrograph
[Right; Nestin (brown), magnifica-
tion 60×]. (Scale bar: 50 μm.) Den-
sity of Nestin+ cells in the human
ventral pons (D) and midbrain (E ) as
a function of postnatal age (n = 24).
Each data point represents one to
two cases; when two cases are
represented, the value expressed
is an average of the two. The sym-
bol (- -) denotes an age at which no valid tissue samples were available for analysis. Comparable data in the medulla are presented in Fig. S1E.
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LacZ mice, proliferation at P14 in the Olig2-Cre; R26-lsl-SmoM2
heterozygous mice was largely limited to this ventral pontine
germinal zone and to PDGFR-α+ oligodendrocyte precursor
cells (Fig. 2F; the proportion of dividing cells that coexpress
PDGFR-α and Ki67 was 88 ± 3% in Olig2-Cre; R26-lsl-SmoM2
mice vs. 84 ± 5% in control mice; P = 0.49). This burst of
proliferation in the ventral pons of Olig2-Cre; R26-lsl-SmoM2
heterozygous mice ends by P21; at that time, unbiased stereo-
logical quantification of Ki67+ cells reveals equal numbers of
proliferating cells in control and Olig2-Cre; R26-lsl-SmoM2 het-
erozygous mice (Fig. 2G; 9,696 ± 541 in control mice vs. 7,224 ±
543 in Olig2-Cre; R26-lsl-SmoM2 heterozygous mice, n = 3 ani-
mals per group; P = 0.09).
By P21, hypertrophy of the ventral pons was evident in the

Olig2-Cre; R26-lsl-SmoM2 mice compared with control litter-
mates (Fig. 2H). Measurement of the dorsal-ventral, transverse,
and rostrocaudal dimensions of the pons in a one in four series of
40-μm tissue sections revealed an increase in volume of 50%
(Fig. 2I; P < 0.05). Histological analysis on H&E-stained sections
did not reveal dysplasia at P21 (Fig. S2C). Because these mice
develop medulloblastoma during the postnatal period (10), all
analyses carefully excluded regions of frank medulloblastoma
present in the cerebellum and subarachnoid space, and careful

examination of the pons at P14 and P21 revealed no infiltration
of the brainstem by medulloblastoma cells. These mice die
of medulloblastoma in early adulthood, thereby limiting later
analysis of dysplasia in the pons.

Establishment of Previously Undescribed DIPG Cell Culture and
Xenograft Models. A major obstacle in the study of DIPG has
been a lack of available tumor tissue for research. To overcome
this impasse, an early postmortem tissue harvest strategy was
used. DIPG tumor tissue was donated by a 5-y-old boy who had
received minimal treatment (clinical details are presented in
SI Materials and Methods). Histopathology was consistent with
a WHO grade III anaplastic astrocytoma (Fig. 3 A, C, E, G, and I
and Fig. S3 A, B, and F) that was intensely immunopositive for
Nestin (Fig. S3A) and GFAP (Fig. S3F).
Cells cultured on a nonadherent plate in serum-free medium

supplemented with FGF and EGF formed tumor neurospheres
(Fig. 4A) and secondary tumor neurospheres after dissociation
and replating at low density (10 cells/μL). Limiting dilution
analysis (23) of unsorted cells indicated an in vitro self-renewing
frequency of 1 in 79 cells (1 in 64–1 in 98 cells, 95% confidence
interval). Subsequent supplementation of PDGF-AB to the
medium resulted in qualitative improvement of neurosphere

Fig. 2. Hh pathway is sufficient to drive pro-
liferation in the ventral pons during middle
childhood. (A–E ) Hh-responsive Olig2+ cells in
the murine pons. (A) Nissl stain of the mouse
pons Allen Mouse Brain Atlas (Seattle, WA):
Allen Institute for Brain Science. ©2009. Avail-
able at http://mouse.brain-map.org (36). Re-
gion of Hh-responsive Olig2+ precursor cells is
marked with an asterisk. (B) Confocal photo-
micrograph (magnification 40×) illustrating
colocalization of Olig2 (red) and β-galactosi-
dase [indicating Gli1 expression (green)] in the
Gli1::LacZ reporter mouse. DAPI expression
(blue) is also shown. An arrowhead marks an
example of an Olig2- and β-galactosidase–
colabeled cell; an asterisk marks an example of
a cell that is not colabeled. (C) Fluorescent mi-
crograph (magnification 2.5×) showing Hh-re-
sponsive cells (white) in the Gli1::LacZ mouse.
Note the cluster of Hh-responsive cells in the
ventral pons (*). (D) Middle childhood peak in
Hh-responsive cell density in the pons of the
Gli1::LacZ transgenic reporter mouse. Data are
expressed as the number of β-galactosidase–
immunopositive cells per 10× field. Note
the dramatic increase in Hh-responsive cells in
the P14–P21 time frame, which represents the
mouse equivalent of middle childhood. Data are
mean ± SEM (n = 3 animals per time point). (E)
Unbiased stereological quantification of the
total number of Hh-responsive cells on one side
of the ventral pons on P14 compared with P21.
Data are mean ± SEM (n = 3 animals per time
point; *P < 0.001). (F and G) Hh pathway activity
increases proliferation in the ventral pons. (F)
Confocal photomicrographs (magnification
10×) of Ki67+ cells (red) in control and Olig2::Cre
× SmoM2 heterozygote mouse ventral pons at
P14. PDGFR-α (green) is shown. (Scale bar: 20
μm.) (G) Unbiased stereological quantification
of Ki67+ cells in the ventral pons at P14 in the
Olig2::Cre × SmoM2 mouse pons vs. littermate
controls. Data are mean ± SEM (n = 3 animals
per group; *P < 0.005). (H and I) Hh pathway up-
regulation results in ventral pontine hypertro-
phy. (H) Light micrographs (magnification 1.5×) of the ventral pons at P21 from Olig2::Cre × SmoM2 heterozygote and littermate control mice. Images shown
represent a reconstruction of the entire coronal brain section from multiple images taken at 1.5× magnification. (I) Volume of the ventral pons at P21 in
Olig2::Cre × SmoM2 heterozygotes vs. littermate controls. Data are expressed as the dorsal − ventral dimension × transverse dimension × rostrocaudal di-
mension in cubic millimeters. Data are mean ± SEM (n = 3 animals per group; *P < 0.05).
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culture growth; the neurosphere culture expanded more rapidly
after this addition, but the change in growth rates was not
quantified at the time.
Using cultures with a low passage number (<10), the immu-

nophenotype of neurosphere-forming cells was assessed using
fluorescent immunocytochemistry and confocal microscopy. We
found that all cells in the culture expressed the intermediate
filament proteins Nestin, GFAP, and Vimentin (Fig. 4 B and C),
which are classically found in neural stem or precursor cells and
more recently described in many glial tumors (24). Nestin and
Vimentin also mark endothelial cells, which is a potential source
of culture contamination. Endothelial cells, however, were not
present as assessed by immunostaining or FACS analysis for the
endothelial cell-specific marker CD31. Sox2, a marker expressed
in both normal embryonic and postnatal stem cells and in poorly
differentiated CSCs (13), was also expressed to varying degrees
in all DIPG neurosphere cells (Fig. 4D). A small subset of cul-
tured DIPG neurosphere cells express Olig2 (Fig. 4F). Taken
together, this immunophenotype of cultured DIPG neurosphere
cells is consistent with a primitive neural precursor cell type.
Brain tumor-initiating cells are classically identifiedwith the cell

surface marker CD133 (also known as prominin 1 or Prom1) (11).
Recently, it has become clear that CD133 may only mark a subset
of the self-renewing cancer-propagating cells in a glioma (25).
CD133 is also expressed on normal neural stem cells, although the
expression of CD133 is similarly nonuniform in normal neural
stem cells and may be restricted to the actively proliferating frac-
tion of stem cells (26). IncreasingCD133+ fractions of brain tumor
cultures correlates with higher tumor grade (11). Examining the
proportion of cells in the DIPG neurosphere culture that express
CD133, we found that 37% of cells are CD133+ by FACS (Fig.
S3C) and that a similar fraction are positive by immunocyto-
chemistry (approximately one-third of cells, Fig. 4E). Examination
of the original tumor tissue revealed CD133+ cells sparsely dis-
tributed throughout the tumor (Fig. S3B).
To test for tumor-initiating capacity and to establish a xenograft

mouse model, dissociated neurosphere cells were stereotactically
transplanted to the brains of immunodeficient (nonobese di-
abetic/SCID/IL2γ-chain–deficient) mice on P2. Two transplant-
ation strategies were used, and cells were transplanted either
to the lateral ventricles (LV, three mice) or to the IVth ventricle
(IV, eight mice). Mice were routinely examined for neurological
deficits. Twenty-six weeks following neurosphere cell trans-
plantation, all three mice in the LV group and four of eight mice
in the IV group exhibited clinical symptoms, such as poor
grooming and hemiparesis. Two-thirds of the mice from both
groups were sacrificed, and the brains were processed for histol-
ogy; one-third of the mouse brains were processed for serial
transplantation of the xenograft. In the LV group, all brains
demonstrated large tumors, evident by eye (Fig. 3B) and onH&E-
stained sections (Fig. 3 D and F and Fig. S3 D and H). Tumor
histopathology was characteristic of a high-grade glioma (Fig. 3D
and F and Fig. S3 D, E, G, and H). Infiltrating tumor cells were
found throughout the mouse brain, including the cortex, cerebel-
lum, and pons (Fig. 3D andF and Fig. S3D andH). Invasion of the
brainstem following LV tumor cell injection has not been observed
by our group in this orthotopic mouse transplant model with any
other tumor type, including multiple cases of glioblastoma and
medulloblastoma. This highlights the unique biology of DIPG, as
distinct from other high-grade gliomas. In the IVth ventricle
group, 50% of brains exhibited tumors evident by eye as enlarged
hindbrains and histologically on H&E-stained sections (Fig. 3 H
and J and Fig. S3I). Like the LV xenografted brains, diffuse in-
filtration of the brainstem, cerebellum, and cerebrum was ob-
served (Fig. 3H and J and Fig. S3I). In comparison with xenografts
to the LVs, xenografting to the IVth ventricle resulted in pontine
histopathology more similar to that of DIPG (Fig. 3F vs.H and J).

Functional Role for Hh Signaling in DIPG. Using the newly estab-
lished DIPG cell culture model, we tested the role of Hh signaling
in human DIPG. To test for Hh pathway activity, a Gli reporter
construct was used in which red fluorescent protein (RFP) ex-
pression is under control of Gli binding sites within a lentiviral

vector. To validate this Hh pathway reporter system, National
Institutes of Health (NIH) 3T3 cells were transduced with the
Gli binding site::RFP reporter and exposed to the Shh protein
ligand (ShhN) alone or together with the Hh antagonist 3-keto-
N-(aminoethyl-aminocaproyl-dihydrocinnamoyl)-cyclopamine
(KAAD-cyclopamine, 200 nM).At baseline,NIH3T3 cells did not
expressRFP (Fig. S4A), butRFPwas expressed in transducedNIH
3T3 cells when exposed to ShhN (Fig. S4B). RFP expression in
transduced NIH 3T3 cells exposed to ShhN was blocked by si-
multaneous exposure to KAAD-cyclopamine (Fig. S4C).
Dissociated DIPG neurosphere cells from the initial culture

described above, as well as primary tumor cells from a second
tumor tissue donation, were transduced with lentivirus containing
either the WT Gli binding site-RFP construct (Fig. 5A) or a neg-
ative control construct withmutatedGli binding sites (Fig. 5B). As
a positive control, 293 cells expressing Gli1 were also transduced
with the Gli binding site-RFP reporter construct. RFP expression
indicated Hh pathway activity in both the primary DIPG tumor cell
culture and the dissociated neurosphere cells (Fig. 5A). To de-
termine the source of Hh ligand in this culture, immunocytochem-
istry for Shh was performed. DIPG neurosphere cells uniformly

Fig. 3. DIPG xenograft. H&E-stained light micrographs (A, C–J) and bright-
field image of mouse brain (B). (Left) Original DIPG tumor. (A) Light micro-
graph (magnification 2×) of H&E-stained sagittal section through the pons of
the tumor tissue donor. Diffuse infiltration of tumor in the ventral pons is vi-
sualized as lighter staining, notably sparing the dorsal region of pons that is
closest to the IVth ventricle. The cerebellum is seen in the dorsolateral re-
lationship to thepons in this planeof section.Additional imagesof theoriginal
tumor are shown at magnifications of 40× (C and I), 20× (E), and 10× (G).
(Right) Mouse DIPG xenografts. (B) Following stereotactic transplantation of
dissociated neurospheres from ahumanDIPG to the LV, examination of brains
from immunodeficient mice reveals a large tumor and marked midline shift
evident on a gross coronal section. (D) Diffuse infiltration by tumor is seen
throughout the brain in H&E-stained sections (magnification 40×). (F) Al-
though theDIPG cellswere transplanted to the LVs, infiltrationwas seen in the
hindbrain, including the pons (magnification 20×). (H and J) Transplantation
of dissociated neurospheres from a human DIPG to the IVth ventricle resulted
in diffuse infiltration of the pons. Note the perineuronal satellitosis (arrow-
heads) of tumor cells around pontine neurons (larger cells) seen in the xeno-
graft (J) and original tumor (I). The histopathology of the mouse xenograft
was indistinguishable from that of the original tumor. (Scale bars:C,D, and I–J,
50 μm; E–H, 100 μm; G and H, 250 μm.)
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express Shh ligand, indicating an autocrine and/or paracrine Hh
signaling mechanism (Fig. 5C). Semiquantitative real-time RT-
PCR confirmed expression of Gli1, Patched (PTCH) receptor, and
Shh ligand in DIPG neurosphere cells (Fig. S4D).
To test the functional significance of the Hh pathway on DIPG

tumor neurosphere cell self-renewal capacity, we used a second-
ary neurosphere assay. Dissociated DIPG tumor neurosphere
cells were plated at low density (100 cells per well in a 96-well
plate format) using FACS sorting of live cells and then cultured
in the presence or absence of added processed and purified
Shh (ShhNp) or the Hh pathway antagonist KAAD-cyclopamine.
Neurosphere formation (Fig. 5D) was quantified at 14 d following
plating of dissociated cells. Exposure to KAAD-cyclopamine (200
nM) resulted in a 67% reduction in the average number of sec-
ondary neurospheres per well (P < 0.001) compared with control
wells treated with methanol vehicle alone (Fig. 5E). The addition
of ShhNp increased secondary neurosphere formation by 200%
(P < 0.05; Fig. 5E).

Discussion
DIPGs are aggressive tumors of childhood that are poorly un-
derstood and nearly always fatal. The lack of a faithful experi-
mental model system together with a limited understanding of
the normal neural precursor cell biology of the postnatal brain-
stem has limited study of this devastating disease and prevented
development of effective treatment strategies.
We now report the identification of a neural precursor-like cell

population in the normal human ventral pons that is linked both
anatomically and temporally to the incidence of DIPG (Fig. 1).
The frequency of this cell type during middle childhood mirrors
the bell-shaped incidence curve of DIPG (Fig. 1 B and D). These
cells are notably absent after early infancy in the midbrain (Fig.
1E), where high-grade gliomas are virtually nonexistent. This PPC
is restricted to the ventral pons andmedulla during childhood (Fig.
1D and Fig. S1E). High-grade gliomas primarily occur in the
ventral pons but are sometimes found in the medulla as well. The
predilection for the ventral pons may reflect not only the presence
of a susceptible cell of origin but a signaling microenvironment
favorable for tumor formation (27–29). Differences in brainstem
cell populations and in their behavior may relate to the different
developmental origins of each brainstem region, with the human
midbrain, pons, and medulla arising from three different neuro-
embryonic vesicles (the mesencephalon, metencephalon, and
myelencephalon, respectively).
The human PPC population comprises primitive Nestin+ and

Vimentin+ cells with long bipolar processes (Fig. 1C and Fig. S1
A and B), with a significant subset of these cells coexpressing

Olig2 (Fig. 1C). We note that although coexpression of Nestin
with Olig2 occurs in this human cell population, coexpression of
these two markers has not previously been described and appears
not to occur in the mouse. The Olig2+ precursor population that
we have found in the mouse ventral pons does not express Nestin,
and the murine correlate to this human PPC that we have char-
acterized is thus similar but not identical in a manner consistent
with precedent. Olig2+ precursor cells frequently represent cells
that ultimately form myelinating oligodendroglia, although dif-
ferentiation along astroglial and even neuronal lineages is also
described (30). In the mouse, Hh-responsive Olig2+ precursors in
the ventral pons are intermixed with dividing PDGFR-α–immu-
nopositive oligodendrocyte precursor cells (Fig. S2B), suggesting
that this population forms myelinating oligodendrocytes during
middle childhood (P14–P21 in the mouse). The majority of
postnatal myelination is complete by this time point, but ongoing
myelination is known to occur in the human pons through the first
decade of life (31). The precise tracts that are myelinating and why
this may occur specifically during middle childhood are unknown.
Similar to human PPCs, DIPG neurosphere cells are Nestin+

and Vimentin+, with a subset expressing Olig2 (Fig. 4C and F). In
contrast to the normal human PPC, the DIPG tumor neurosphere
cells also expressGFAP (Fig. 4B), amarker expressed inmany glial
tumors regardless of the cell of origin (32). Taken together with
the anatomical and temporal correlates of their occurrence, the
immunophenotypic characteristics of these cell populations sug-
gest the hypothesis that this PPC could be the DIPG cell of origin.
Our results show that driving unregulated Hh pathway activity

in the murine counterpart of this population results in ventral
pontine hyperplasia (Fig. 2 F–I), indicating that the PPC might
be susceptible to transformation and may represent the cell of
origin for DIPG. The absence of dysplasia in this model suggests
that an additional “hit” may be necessary for transformation to
DIPG. That Hh pathway dysregulation alone may not be suffi-
cient for DIPG oncogenesis is supported by the observation that
patients with Gorlin syndrome (a genetic syndrome of suscepti-
bility to unregulated Hh pathway activity caused by heterozygous
germline mutation of the PTCH gene and characterized by de-

Fig. 4. DIPG neurosphere culture. (A) Tumor neurosphere is shown on
a light micrograph (magnification 10×). Immunocytochemistry and confocal
microscopy (magnification 40×) reveal DIPG tumor neurosphere cells that
are uniformly immunopositive for GFAP (B, red), Nestin (B and C, green)
Vimentin (C, red), and Sox2 (D, green). Immunocytochemistry for CD133 (E,
red) reveals a CD133+ fraction of about one-third of cells. Rare cells are
immunopositive for Olig2 (F, red). DAPI (blue) was used as a nuclear coun-
terstain in images B–F. (Scale bars: 50 μm.)

Fig. 5. Hh pathway activity in DIPG. (A) DIPG tumor cells transduced with
a lentiviral Hh pathway reporter construct, Gli1::RFP. A confocal photomi-
crograph (magnification 40×) illustrates RFP (red) and a DAPI nuclear
counterstain (blue). (B) Confocal photomicrograph (magnification 40×)
illustrates lack of RFP (red) signal in negative control tumor cells transduced
with a mutated Gli1 binding site::RFP construct and a DAPI nuclear coun-
terstain (blue). (Scale bar: 30 μm.) (C) Confocal photomicrograph (magnifi-
cation 40×) demonstrates Shh ligand expression (green) in DIPG tumor
neurosphere cells. A DAPI nuclear counterstain (blue) is also shown. (D) Light
micrograph (magnification 10×) of a secondary tumor neurosphere at 14 d
following dissociation and FACS sorting of live cells at low density (100 cells
per well in a 96-well plate format). (E) Quantification of secondary tumor
neurospheres (such as that seen in D) at 14 d following dissociation and FACS
sorting of live cells at low density (100 cells per well) and exposed to either
KAAD-cyclopamine (200 nM), ShhNp (10 nM), or methanol vehicle control.
Data are expressed as the average number of tumor neurospheres per well ±
SEM (n = 10–16 wells per condition; *P < 0.05).
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velopment of basal cell nevi and medulloblastoma) do not clas-
sically develop DIPG. Our results indicate that the Hh pathway
is one important component in both the normal physiology of the
PPC and the pathophysiology of DIPG, because Hh pathway
activation increases and Hh pathway blockade decreases the self-
renewal capacity of cells in DIPG tumor neurospheres (Fig. 5E).
Dysregulation of the Hh pathway alone is not enough to cause

both hyperplasia and dysplasia (i.e., cancer) in the ventral brain-
stem by P21 in the mouse model used here, as we also previously
reported (10), and transformation to DIPG likely involves addi-
tional hits. Indeed, recent work has highlighted the PDGF path-
way as important in brainstem tumors, with genomic analysis
of DIPG samples demonstrating copy number alterations in
PDGFR-α (33). In addition, up-regulation of PDGF signaling in
Nestin+ cells of the IVth ventricle subventricular zone (22) or
nonspecifically in cells of the dorsolateral pons (34) causes dorsal
pontine glioblastoma in mouse models. A putative role for PDGF
signaling in DIPG pathophysiology fits well with our observations,
because the candidate cell of origin appears to give rise to a di-
viding oligodendrocyte precursor cell type that expresses PDGFR-
α, and is therefore likely to be responsive to PDGF. Furthermore,
we found qualitatively that the addition of recombinant PDGF to
our human DIPG cell culture resulted in improved culture yield.
We present here a postmortem cell culture strategy that has

generated DIPG culture and xenograft models (Figs. 3 and 4),
representing a previously undescribed resource for the research
community and enabling studies to probe the underlying biology
of DIPG. Within this DIPG cell culture, we have demonstrated
a capacity for self-renewal and tumor initiation as well as an
immunophenotype similar to that of a neural stem cell, sug-
gesting the presence of a putative DIPG CSC. The character-
istics of this neurosphere culture are consistent with those of an
aggressive brain tumor, because a CD133+ cell fraction of 37% is
relatively high compared with that previously reported for other
aggressive brain tumors, such as medulloblastoma and glioblas-
toma (6–21% and 19–29%, respectively) (35). Adjusting for the
enrichment of CD133+ cells by FACS in published secondary

neurosphere assays, the self-renewing frequency found in this
study (1 in 79 cells) is in line with that of similar studies of
medulloblastoma tumor neurospheres (11).
The human PPC population we have described is tempo-

rally and anatomically restricted to the time and place that
DIPGs form and is immunophenotypically similar to DIPG,
suggesting that this cell is a candidate for the DIPG cell of
origin. This hypothesis is strengthened by the demonstration
that up-regulation of the Hh pathway in mouse ventral PPCs
results in ventral pontine hyperplasia during the middle
childhood window when such tumors form in humans. A role
for Hh signaling in DIPG tumor propagation is confirmed by
the positive effects of Hh pathway activity on self-renewal of
DIPG neurosphere cells in our DIPG cell culture model.
Together, these findings provide insights into DIPG patho-
genesis and may ultimately result in unique therapeutic ave-
nues to treat DIPG.

Materials and Methods
Full methodological details are found in the SI Materials and Methods in-
cluding methods for cell culture, xenografting, archival human autopsy case
selection and quality control, histological processing, quantitative micros-
copy, FACS analysis, generation of the lentiviral-based Gli binding site-RFP
reporter, real time PCR and statistics. Clinical details of the human post-
mortem tissue donation are also provided.
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