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Abstract
Brain tumors are an incredibly diverse group of neoplasms, as evidenced by their
varied locations in the brain, histological characteristics, and genetic alterations. Brain
tumor heterogeneity can be potentially explained by distinct oncogenic events or cells-oforigin, or by region-specific intrinsic or extrinsic factors. Brainstem Glioma (BSG) is a
particularly deadly brain tumor, afflicting 200-300 children in the United States each
year. High-grade BSG (also known as Diffuse Intrinsic Pontine Glioma, DIPG) cannot
be surgically removed, and the standard treatment of radiation therapy provides only
temporary relief from symptoms. The past 5 years has witnessed a dramatic increase in
knowledge regarding the biological basis of this disease along with the realization that
BSG is distinct from other more common types of glioma, such as cerebral cortex glioma
(CG). It was the goal of this study to investigate the regional differences in gliomas
arising in the brainstem versus the cerebral cortex, using mice as a model system, and to
begin to understand the contributions of the various possible sources of heterogeneity.
In doing so, we have uncovered region-specific gene expression patterns in these
two types of pediatric gliomas that are apparent even when the initiating genetic
alterations and cell-of-origin are kept constant. Focusing on the paired box 3 (Pax3)
gene, which is expressed at higher levels in BSG than CG, we have found that Pax3
expression not only characterizes mouse BSGs driven by PDGF signaling, Ink4aARFloss, p53-loss, and H3.3-K27M expression, but also identifies a novel subset of human
BSGs that are associated with PDGFRA alterations and wild type ACVR1 and that
commonly harbor TP53 alterations and the H3.3-K27M mutation.
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As Pax3 plays a pro-tumorigenic role in other types of cancer, we hypothesized
that Pax3 expression contributes to the brainstem gliomagenesis process as well. By
utilizing mouse models, we found that Pax3 inhibits apoptosis and promotes proliferation
of Nestin-expressing brainstem progenitor cells in vitro and enhances PDGF-B-driven
BSG in vivo. Furthermore, we speculate that Pax3 expression may be a marker for Wnt
pathway activation in BSG, which is targetable via pharmacologic agents. Indeed, a
subset of Wnt inhibitors tested effectively slowed the growth of BSG cells in vitro,
however cross talk with the Shh pathway might indicate that dual Wnt and Shh inhibition
is necessary.
In addition, the regional expression pattern of Pax3 in gliomas correlates with its
expression in normal murine brain development, leading us to hypothesize that Pax3
progenitor cells in the neonatal brainstem can serve as a cell-of-origin for BSG. We
discovered that targeting Pax3 progenitors with PDGF-B overexpression and Ink4aARFor p53-loss induces high-grade BSG that physiologically resemble the human disease.
This novel and distinct model of BSG may be utilized in the future for preclinical studies.
The identification of Pax3 as a regional marker of mouse and human BSG has led
to the discovery of a novel subset of the human disease, the identification of a novel
oncogene contributing to pathogenesis, and the characterization of a novel cell-of-origin
with the potential to give rise to the disease. This information contributes significantly to
the current understanding of the mechanisms and cellular origins of BSG, and will
hopefully instruct future investigations into how to better treat this disease.

v

Dedication

This work is dedicated to:

Mom, Dad, and Andy, for your unwavering love and support,
Steve, for being my husband, my best friend, and my everything,
Madelyn, for lighting up my life in a way I never knew was possible,
and
Blair, whose beautiful spirit continues to inspire me and drive me forward each day.

vi

Contents
Abstract .............................................................................................................................. iv	
  
List of Tables ..................................................................................................................... ix	
  
List of Figures ..................................................................................................................... x	
  
List of Abbreviations ........................................................................................................ xii	
  
Acknowledgements ........................................................................................................ xviii	
  
1. Introduction ..................................................................................................................... 1	
  
1.1 Glioma..................................................................................................................... 2	
  
1.2 Brainstem Glioma ................................................................................................... 7	
  
1.3 Genetics of Brainstem Glioma .............................................................................. 12	
  
1.4 Regional Differences in Glioma ........................................................................... 15	
  
1.5 The Role of Pax3 in Development ........................................................................ 17	
  
1.6 The Role of Pax3 in Cancer .................................................................................. 19	
  
1.7 Mouse Modeling of Glioma using the RCAS-Tv-a System ................................. 21	
  
1.8 Conclusions ........................................................................................................... 23	
  
2. Pax3 is a Regional Marker in Mouse and Human Glioma ........................................... 25	
  
2.1 Introduction ........................................................................................................... 25	
  
2.2 Results ................................................................................................................... 28	
  
2.3 Discussion ............................................................................................................. 42	
  
2.4 Materials and Methods .......................................................................................... 45	
  
3. Pax3 Contributes to Brainstem Gliomagenesis............................................................. 51	
  
3.1 Introduction ........................................................................................................... 51	
  
3.2 Results ................................................................................................................... 52	
  
3.3 Discussion ............................................................................................................. 62	
  
vii

3.4 Materials and Methods .......................................................................................... 67	
  
4. Pax3 and the Wnt Pathway in Brainstem Glioma ......................................................... 73	
  
4.1 Introduction ........................................................................................................... 73	
  
4.2 Results ................................................................................................................... 76	
  
4.3 Discussion ............................................................................................................. 93	
  
4.4 Materials and Methods .......................................................................................... 99	
  
5. Pax3-Expressing Progenitors of the Neonatal Mouse Brainstem are a Cell-of-Origin for
Brainstem Glioma ........................................................................................................... 105	
  
5.1 Introduction ......................................................................................................... 105	
  
5.2 Results ................................................................................................................. 110	
  
5.3 Discussion ........................................................................................................... 126	
  
5.4 Materials and Methods ........................................................................................ 133	
  
6. Conclusions and Future Directions ............................................................................. 139	
  
References ....................................................................................................................... 147	
  
Biography........................................................................................................................ 165	
  

viii

List of Tables
Table 1. Genes differentially expressed in Brainstem and Cerebral Cortex Glioma. ...... 31	
  
Table 2. 8 genes associated with brainstem gliomagenesis but not cerebral cortex
gliomagensis. .................................................................................................................... 32	
  
Table 3. Genetic alterations associated with Pax3 expression in human Brainstem
Glioma............................................................................................................................... 40	
  
Table 4. PCR Primers. ..................................................................................................... 49	
  
Table 5. Immunohistochemistry for Wnt pathway markers in human BSG.................... 80	
  

ix

List of Figures
Figure 1. Regions of the brain and brainstem. ................................................................... 6	
  
Figure 2. Current subtypes of Brainstem Glioma. ........................................................... 15	
  
Figure 3. Generation of PDGF-B-induced Glioma in mice using RCAS-Tv-a Technology
........................................................................................................................................... 23	
  
Figure 4. Regional differences in PDGF-B-induced mouse glioma. ............................... 30	
  
Figure 5. Regional differences in Olig2-Glioma cell compartments. .............................. 33	
  
Figure 6. Pax3 is expressed in mouse Brainstem Glioma. ............................................... 36	
  
Figure 7. PAX3 protein is expressed in mouse Brainstem Glioma. ................................ 37	
  
Figure 8. High Pax3 expression characterizes a subset of human Brainstem Glioma. .... 39	
  
Figure 9. Age at diagnosis of PAX3-High versus PAX3-Low human Brainstem Glioma.
........................................................................................................................................... 41	
  
Figure 10. Regional differences in Pax3 expression in human Glioma. .......................... 42	
  
Figure 11. Infection of brainstem progenitors with RCAS viruses. ................................ 53	
  
Figure 12. In vitro effects of Pax3 on proliferation and apoptosis. ................................. 54	
  
Figure 13. Pax3 enhances PDGF-B-induced brainstem gliomagenesis........................... 56	
  
Figure 14. Pax3-induced Brainstem Glioma. ................................................................... 57	
  
Figure 15. Ectopic Pax3 expression in the cerebral cortex. ............................................. 58	
  
Figure 16. Pax3 promotes proliferation in vitro in the absence of p53............................ 60	
  
Figure 17. Pax3 promotes brainstem gliomagenesis in vivo independent of p53. ........... 61	
  
Figure 18. Deletion of Pax3 in p53-deficient Brainstem Glioma. ................................... 62	
  
Figure 19. Pax3 expression correlates with Wnt pathway genes in human BSG. ........... 78	
  
Figure 20. Immunohistochemistry for Wnt pathway members in human BSG. ............. 79	
  
Figure 21. Wnt pathway genes are upregulated in mouse BSG. ..................................... 81	
  

x

Figure 22. Beta-Catenin expression in mouse PDGF-B-induced BSG. .......................... 82	
  
Figure 23. Pax3 is a canonical Wnt target gene in brainstem progenitors. ...................... 84	
  
Figure 24. Pax3 is not consistently a Wnt target gene in Brainstem Glioma cells. ......... 85	
  
Figure 25. Wnt inhibitors Niclosamide and Pyrvinium inhibit Brainstem Glioma cell
proliferation....................................................................................................................... 86	
  
Figure 26. Canonical Wnt signaling inhibits Gli1 and induces Gli3. .............................. 89	
  
Figure 27. Shh signaling does not inhibit Pax3 expression. ............................................ 90	
  
Figure 28. Gli1 is upregulated by XAV-939, but inhibited by Niclosamide and
Pyrvinium.......................................................................................................................... 91	
  
Figure 29. Dual Wnt and Shh pathway inhibition in Brainstem Glioma cells. ............... 92	
  
Figure 30. PDGF signaling does not induce Pax3 expression. ...................................... 112	
  
Figure 31. Pax3 expression in the neonatal mouse brainstem. ...................................... 112	
  
Figure 32. Regional expression of Pax3 in the neonatal mouse brain. .......................... 113	
  
Figure 33. Pax3 expression in the neonatal mouse 4th ventricle. .................................. 114	
  
Figure 34. Quantification of Pax3/Nestin co-expression in the neonatal mouse brain. . 115	
  
Figure 35. Quantification of Nestin/Pax3 co-expression in the neonatal mouse brain. . 117	
  
Figure 36. Pax3-expressing progenitors are not proliferative. ....................................... 118	
  
Figure 37. Pax3 and Olig2 co-expression in the neonatal mouse brainstem. ................ 118	
  
Figure 38. Initiation of Brainstem Glioma in Pax3 progenitors. ................................... 121	
  
Figure 39. Histological and immunohistochemical analysis of the Pax-Tv-a model. ... 122	
  
Figure 40. H3.3-K27M-expressing Brainstem Glioma in the Pax-Tv-a model. ............ 123	
  
Figure 41. Comparison of the penetrance and latency of the Ntv-a and Ptv-a models of
Brainstem Glioma. .......................................................................................................... 125	
  
Figure 42. Differential gene expression in the Ntv-a and Ptv-a models of Brainstem
Glioma............................................................................................................................. 126	
  
Figure 43. Classifications of Brainstem Glioma including the Pax3-High Subset. ....... 146	
  
xi

List of Abbreviations
ACVR1

activin A receptor, type I

ANOVA

Analysis of variance

ATRX

alpha thalassemia/mental retardation syndrome X-linked

APC

adenomatosis polyposis coli

BBB

Blood Brain Barrier

BclxL

B-cell CLL/lymphoma 2(BCL2)-like 1

bFGF

basic Fibroblast Growth Factor

BMP

Bone Morphogenetic protein

BrdU

Bromodeoxyuridine (5-bromo-2'-deoxyuridine)

BS

Brainstem

BSA

Bovine Serum Albumin

BSG

Brainstem Glioma

CB

Cerebellum

CBTRUS

Central Brain Tumor Registry of the United States

CDK4/6-CCND1/2/3 Cyclin-dependent kinase 4/6-Cyclin D1/2/3
CDKN2A

cyclin-dependent kinase inhibitor 2A

CED

convection enhanced delivery

CFP

Cyan Fluorescent Protein

CG

Cerebral Cortex Glioma

ChIP/Seq

Chromatin immunoprecipitation-Sequencing

Chl1

cell adhesion molecule with homology to L1CAM

xii

cMyc

v-myc avian myelocytomatosis viral oncogene homolog

CK1

Casein Kinase 1

CNS

Central Nervous System

Ctnnb1

catenin (cadherin-associated protein), beta 1

Ctrl

Control

DAPI

4',6-diamidino-2-phenylindole

DIPG

Diffuse Intrinsic Pontine Glioma

DKK

dickkopf WNT signaling pathway inhibitor

DMEM

Dulbecco's Modified Eagle's medium

DMSO

Dimethyl sulfoxide

DTT

Dithiothreitol

EGF

Epidermal growth factor

EGFR

Epidermal growth factor receptor

FACS

Fluorescence-activated cell sorting

FBS

Fetal bovine serum

FDR

False Discovery Rate

FKHR

forkhead box O1

Foxg1

forkhead box G1

Foxm1

forkhead box M1

G34R/V

Glycine 34 to Arginine/Valine mutation

GBM

Glioblastoma

GDC-0449

Vismodegib

xiii

GFAP

Glial Fibrillary Acidic Protein

GFP

Green Fluorescent Protein

Gli

GLI family zinc finger/ GLI-Kruppel family member

GSK3β

glycogen synthase kinase 3 beta

G-CIMP

glioma-CpG island methylator phenotype

H&E

Hematoxylin and Eosin

H3-K27M

Lysine 27 to Methionine mutation in Histone 3.1 or 3.3

H3.1

Histone 3.1 (genes HIST1H3B and HIST1H3C)

H3.3

Histone H3.3 ( gene H3F3A)

H3K27me3

H3 tri methyl K27

Hes1

hairy and enhancer of split 1

Hox

homeobox

IDH1

isocitrate dehydrogenase 1 (NADP+), soluble

IHC

Immunohistochemistry

Ink4aARF

Protein encoded by CDKN2A

Irx5

Iroquois related homeobox 5

JNK

MAPK8 (mitogen-activated protein kinase 8)

K27M

Lysine 27 to Methionine mutation

Ki67

Antigen Ki67

KO

Knock-out

L10a

60S ribosomal protein L10a

Lhx2

LIM homeobox protein 2

xiv

LRP

low density lipoprotein receptor-related protein

MET

MET proto-oncogene, receptor tyrosine kinase

Myc/cMyc

v-myc avian myelocytomatosis viral oncogene homolog

MycN

v-myc avian myelocytomatosis viral oncogene neuroblastoma
derived homolog

NBS

Normal Brainstem

NC

Normal Cerebral Cortex

NF1

neurofibromin 1

NSC

Neural Stem Cell

Ntv-a

Nestin-Tv-a

OCT

Optimal Cutting Temperature

Olig2

oligodendrocyte transcription factor 2

OPC

Oligodendrocyte Progenitor Cell

Otx2

orthodenticle homolog 2

P3

Postnatal Day 3

p53

tumor protein p53

Pax3

Paired box 3

Pax7

Paired box 7

PBS

Phosphate-buffered saline

PCNA

Proliferating Cell Nuclear Antigen

PCR

Polymerase Chain Reaction

PDGF

Platelet derived growth factor

PDGFR

Platelet derived growth factor receptor

xv

PFA

Paraformaldehyde

PIK3CA/PI3K

phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit
alpha

PPM1D

protein phosphatase, Mg2+/Mn2+ dependent, 1D

PRC2

Polycomb Repressive Complex 2

PTEN

phosphatase and tensin homolog

Ptv-a

Pax3-Tv-a

qRT-PCR

Real Time Reverse Transcription Polymerase Chain Reaction

RB

retinoblastoma 1

RCAS

replication-competent avian sarcoma-leukosis virus long terminal
repeat with splice acceptor

Rec

recombined

RMS

rhabdomyosarcoma

RIPA

Radioimmunoprecipitation assay buffer

RMA

Robust Multi-Array

RT-PCR

Reverse Transcription Polymerase Chain Reaction

siRNA

small interfering RNA

SNP

Single Nucleotide Polymorphism

Shh

Sonic Hedgehog

STAT3

signal transducer and activator of transcription 3

SVZ

Subventricular Zone

TCF

transcription factor, T cell specific

TCGA

The Cancer Genome Atlas

xvi

TP53

tumor protein p53

Tv-a

tumor virus A

Uns

Unsorted

Veh

Vehicle

WHO

World Health Organization

Wls

wntless homolog

Wnt

wingless-type MMTV integration site family

WT

Wild Type

xvii

Acknowledgements
First and foremost I would like to acknowledge all of the advisors for which I
have had the privilege of working during graduate school: Jeremy Rich, Rob WechslerReya, Dan Wechsler, and Oren Becher. Jeremy and Rob, although you unfortunately did
not stay at Duke long enough to see me through to the end of this journey, you were there
in the beginning and are two of the biggest reasons I found my way into and stayed in the
field of brain tumor research. I have continued to look up to and attempt to emulate your
scientific approaches and successes, even in your absence. Rob, a special thank you for
your continued availability, advice, and support over the years—it was always reassuring
to know that I could reach out to you with anything and be confident that you would find
time to help. Dan, your willingness to serve as my academic advisor and departmental
sponsor allowed me to join Oren’s lab and continue to focus on the type of research in
which I am most interested. I know that you have had your own lab, clinic duties, and
graduate students as well, and so I greatly appreciate the time you have devoted to my
continued training. And lastly, Oren, I thank you for coming to Duke when you did and
for being open to the idea of taking on a graduate student so early in your career. You
provided me with the support and guidance necessary to land on my feet and hit the
ground running with a new project and eventually publish my work.
I would also like to acknowledge the efforts of my additional committee
members, Ann Marie Pendergast, David Kirsch, and Hai Yan. All of your guidance and
support has been instrumental in keeping me focused and driving my work forward. Ann

xviii

Marie, you in particular helped me through several periods of transition, and your support
during those times will always be greatly appreciated.
I would also like to thank all members of the Rich, Wechsler-Reya, and Becher
labs, in particular Christie Eyler, Shirley Markant, Sonja Brun, and Kelly Barton. Shirley
and Sonja, your support and friendship during my time in the Wechsler-Reya lab (and
beyond) meant the world to me. Kelly, I am so grateful that you chose to also work with
Oren—your support, guidance, and friendship in the Becher lab has gotten me through
the past 4 years.

I also need to acknowledge all of the Linardic, Wechsler, and

Armstrong lab members for helpful discussions during lab meetings and sharing of
reagents and ideas on a regular basis.
Additional thanks go to Beth Harvat, Mike Cook and Bin Li for FACS, Yasheng
Guo for microscopy expertise, and all those who manage and operate the Cancer Center
Isolation Facility and provide care to our research animals, particularly Keith St. Pierre.
And lastly, I of course need to thank all of my family and friends who have
provided me with love and support along the way. I would not have made it to the end of
this journey without your help, and for that I will always be grateful.

xix

1. Introduction

Brain tumors are an incredibly diverse group of neoplasms based on location in
the brain, histology, and genetic alterations. Molecular characterization of different types
of brain tumors clearly indicates a high degree of heterogeneity among individual tumors
arising in the same or different locations of the brain. This heterogeneity can potentially
be explained by (1) different genetic alterations initiating and/or driving tumorigenesis,
(2) distinct cells-of-origin giving rise to the tumors, (3) region-specific differences in the
cells-of-origin, (4) region-specific extrinsic factors in the stromal microenvironment, or
(5) combinations of all of the above [1]. Intraregional heterogeneity (between tumors
arising in the same region) can most likely be explained by either distinct initiating and/or
propagating genetic alterations or distinct cells-of-origin. However, tumors arising in
different regions of the brain may also derive interregional heterogeneity from regionspecific differences in either the cell-of-origin or extrinsic stromal factors. It was the
goal of this study to investigate the regional differences in gliomas arising in the
brainstem versus those arising in the cerebral cortex of children using mice as a model
system, and to begin to understand the contribution of the various possible sources of
heterogeneity. In doing so, we have uncovered region-specific gene expression patterns
in these two types of pediatric gliomas that are apparent even when the initiating genetic
alterations and cell-of-origin are kept constant. Some of these genes can be attributed to
the stromal compartment, while some can be attributed to the tumor cells themselves.
We chose to focus our study on the paired box 3 (Pax3) gene, which is expressed at
1

higher levels in Brainstem Glioma (BSG) cells, and its role in the initiation and
progression of the disease.

1.1 Glioma
According to the Central Brain Tumor Registry of the United States (CBTRUS),
the average annual incidence rate of primary brain and central nervous system (CNS)
tumors in the United States for 2006-2010 was 21.04 per 100,000 individuals of all ages,
and 5.26 per 100,000 children under the age of 20 [2]. The 1- and 5-year survival rates
for primary brain and central nervous system tumors for all ages are 56.9% and 33.8%,
respectively, representing a large variety of tumor locations and types [2]. It is clear from
these statistics that increased effort is required in order to more effectively treat brain
tumors of all kinds.
High-grade gliomas are the most common CNS tumors in adults, and account for
8-12% of pediatric CNS tumors [3]. The term glioma refers to a tumor within the CNS
comprised of cancerous cells that resemble glial cells.

Normal glial cells are the

supporting cells of the nervous system, with the major types being astrocytes and
oligodendrocytes. Under normal circumstances these cells arise from undifferentiated
neural stem cells (NSCs), and in their fully differentiated form are responsible for
providing the necessary support to neurons in order to successfully transmit action
potentials throughout the brain. It is currently unclear from which cell type gliomas arise.
Although recent evidence supports a NSC origin for these tumors [4], the possibility that
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gliomas arise from a more restricted glial or neural progenitor has not been entirely ruled
out.
Regardless of their actual cell of origin, the World Health Organization (WHO)
Classification System [5] classifies gliomas histologically according to their presumed
cell-of-origin—that is the cell type that the tumor cells most closely resemble [6].
Therefore, gliomas can be astrocytomas, oligodendrogliomas, or oligoastrocytomas.
Ependymomas, tumors of the ependymal cells of the CNS are another type of glioma,
which will not be discussed here. The tumors are graded based on histological features
that are associated with tumor aggressiveness, such as mitosis, vascular proliferation, and
necrosis [6] on a scale of I-IV with IV being the most aggressive [5]. Grade I lesions are
slow growing with a low proliferative potential and are generally amenable to surgical
intervention.

Grade II neoplasms also harbor low proliferation rates, however are

infiltrative and may recur after treatment. Grade III tumors are malignant, with histology
showing nuclear atypia and a high degree of mitosis, and are usually treated with a
combination of radiation and chemotherapy. The most aggressive gliomas are grade IV
which are characterized by a high degree of mitosis and necrosis, and are generally
incurable.

When applied to astrocytomas specifically, WHO designates the well-

circumscribed pilocytic astrocytoma as Grade I, while Grade II astrocytomas are
diffusely infiltrating with cytological atypia alone. Those lesions also showing anaplasia
and mitotic activity are defined as Grade III anaplastic astrocytoma, and the presence of
microvascular proliferation and/or necrosis is indicative of Grade IV glioblastoma
(GBM). Oligodendrogliomas and oligoastrocytomas can be either grade II or Grade III,
3

the latter of which are termed anaplastic oligodendrogliomas or anaplastic
oligoastrocytomas.
Gliomas can arise anywhere in the CNS, and can be classified according to their
location relative to a structure in the brain called the tentorium, which separates the
cerebrum from the cerebellum (Figure 1A). Those tumors arising in regions above the
tentorium (cerebrum or cerebral cortex) are termed supratentorial, while those arising in
regions below the tentorium (cerebellum, brainstem) are termed infratentorial. CBTRUS
reports that between 2006 and 2010, over 60% of all gliomas were located in
supratentorial regions including the cerebrum and the frontal, temporal, occipital, and
parietal lobes, with an incidence of 4.7 per 100,000 [2]. Conversely, gliomas arising in
infratentorial regions such as the brainstem and cerebellum accounted for only 4.2% and
2.9%, respectively, of all gliomas, and harbor incidences of 0.35 and 0.59 per 100,000,
respectively [2].
The current standard of care for adult high-grade glioma, or GBM, is a
combination of surgery, radiation therapy, and chemotherapy (usually temozolomide) [7].
Complete resection of the tumor, although extremely difficult and rarely achieved, is the
best indicator for a good prognosis [7]. Although much research has been devoted over
the past few decades to uncovering the molecular alterations and oncogenic drivers of
GBM in order to inform targeted treatment strategies, the overall 5-year survival for the
disease remains less than 5% [2]. In recent years, a huge effort has been undertaken in
the research community to understand the molecular biology of GBM by conducting
large-scale profiling of gene expression, methylation patterns, copy number alterations,
4

and mutations of both adult and pediatric GBM, with an emphasis on the adult disease.
For example, expression profiling by The Cancer Genome Atlas (TCGA) has identified
that adult tumors fall into one of four subtypes: proneural, neural, classical, or
mesenchymal [8].

Proneural tumors are characterized by PDGFRA alterations or

mutations in the IDH1 gene, while classical tumors can harbor mutations in EGFR, and
mesenchymal tumors commonly have mutations in NF1 and high expression of
mesenchymal markers such as STAT3 [7]. Studies of DNA methylation patterns have
further subdivided the proneural subtype into either glioma-CpG island methylator
phenotype (G-CIMP)+ or G-CIMP-, which tightly correlates with IDH1 status and
clinical outcome [7]. While these types of classifications have the ability to dictate
therapies for individual tumors on the basis of target expression and predicted clinical
outcomes, their potential has yet to be fully realized.
Evidence now clearly points to the fact that pediatric and adult gliomas are
distinct, largely driven by different genetic alterations, exhibiting different clinical
behaviors, and responding differentially to therapeutics.

Several studies directly

comparing large cohorts of pediatric and adult samples have shown distinct genetic and
epigentic alterations [7, 9, 10]. While adult GBM are commonly characterized by IDH1
mutations or mutations/amplification of EGFR, pediatric gliomas are rarely observed
with these alterations [7]. In addition, although PDGFRA alterations are found in both
adult and pediatric disease, they have been observed at a higher frequency in pediatric
gliomas [7]. Interestingly, recent mutations discovered primarily in pediatric gliomas,
including K27M and G34R/V mutations in the genes encoding histone H3.1 or H3.3 [115

14], as well as mutations in the ACVR1 gene [15-18], highlight the intrinsic differences
between pediatric and adult gliomas [7], likely representing their different cellular and
developmental origins.

A

Supratentorial
Cerebral Cortex

Midbrain

Tentorium

Pons
Medulla

Infratentorial

Supratentorial

B
Midbrain

Cerebral Cortex

Pons
Medulla

Infratentorial

Allen Brain Atlas

Figure 1. Regions of the brain and brainstem.
A Adult human brain, and B neonatal mouse brain (image adapted from Allen Brain
Atlas, www.brain-map.org) with the supratentorial and infratentorial regions indicated,
along with the Cerebral Cortex and components of the Brainstem (Midbrain, Pons, and
Medulla).
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1.2 Brainstem Glioma
Gliomas that arise in the brainstem specifically, termed Brainstem Glioma (BSG),
are considered a separate entity from other types of glioma, and are seen predominately
in children. These tumors can arise anywhere in the brainstem, including the midbrain,
pons, and medulla (Figure 1), as well as the upper cervical spine [19]. Although BSG
accounts for only 15-20% of all pediatric brain tumors, it is the leading cause of death for
children with brain tumors [20]. BSG tends to appear in middle childhood, with a
median age at diagnosis between 6 and 7 years and affects males and females equally
[21]. The brainstem is an incredibly important part of the brain, as all motor and sensory
innervations from the rest of the brain must pass through it to reach the spinal cord. The
brainstem regulates cardiac and respiratory functions to maintain consciousness and
regulate eating, sleeping, and breathing.
Historically, it was believed that biopsy of BSG was an unnecessary procedure
associated with significant morbidity due to the tumor’s delicate location, and therefore
classification of these tumors relies primarily on imaging as opposed to histological
techniques [22]. Most classification schemes are based on determining whether the
tumor is focal or diffuse and subsequently on the location within the brainstem, as these
two criteria are the most predictive of clinical outcome and will dictate treatment strategy
[19]. The most recent classification scheme for BSG categorizes tumors as either Group
I (diffuse), Group II (intrinsic, focal), Group III (exophytic, focal), or Group IV
(cervicomeullary) [23]. Groups II-IV, representing 15-20% of BSG cases, are primarily
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located outside of the pons, and are low-grade, amenable to surgical resection, and
associated with a favorable prognosis with the potential for long-term survival [24].
Despite the favorable outcome for low-grade brainstem lesions, the majority of
BSG (80-85%) are high grade, diffuse, and located primarily within the pons—these are
also known as Diffuse Intrinsic Pontine Gliomas (DIPG) and have a dismal overall
survival of less than one year, with fewer than 20% of patients alive 2 years after
diagnosis [20, 21]. There are an estimated 200-300 cases of DIPG in the US each year
[25]. Histology of DIPG based on autopsy material and rare biopsies indicates that these
aggressive tumors are either GBM (WHO grade IV), anaplastic astrocytoma (WHO grade
III), or occasionally, well-differentiated diffuse astrocytoma (WHO grade II) [21].
Clinical presentation of DIPG is usually a short duration of symptoms (1-2 months),
which include cranial nerve deficits, long tract signs, and/or ataxia [3]. Henceforward,
the term BSG will be used to refer to high-grade BSG or DIPG.
The diffuse and infiltrative nature of BSG along with their intricate location in the
pons precludes surgical resection and therefore conventional radiation therapy is the
standard-of-care for these tumors. This treatment provides significant but only temporary
relief from symptoms [21], with a median time to progression of 5-8.8 months and
overall survival ranging from 7-16 months [20]. No additional benefit has been observed
with any alternative radiotherapy techniques such as increased or fractionated dosing
[20]. As surgery is not an option for these patients, most choose to receive some form of
chemotherapy in the context of a clinical trial in an effort to improve outcome. Over the
course of 30 years, however, no significant benefit has been observed with any
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combination of chemotherapy and radiotherapy over radiotherapy alone for BSG patients
[20, 26].
There are several reasons that can potentially explain this lack of progress. First,
until very recently, a paucity of tissue samples to study (stemming from the practice of
infrequent biopsy) led to a lack of understanding regarding the molecular biology of these
tumors. Therefore, chemotherapies and targeted agents for clinical trials had been chosen
at random from those that have shown efficacy in other types of adult or pediatric GBM.
As discussed below, with the increasing incidence of biopsy and acquisition of autopsy
samples in recent years, knowledge of the molecular and genetic drivers of BSG is
rapidly expanding, and it is understood that this disease is biologically distinct from other
types of glioma and should therefore be treated differently.

This knowledge will

hopefully soon dictate better choices for targeted therapies.
Second, there are several inherent limitations to the clinical trials conducted to
date for BSG. The majority of trials have relied on the use of historical controls, which
makes detection of small but significant differences between control and experimental
conditions nearly impossible [25]. The low incidence of BSG limits the number of
patients enrolled in any given study at one institution (and even across institutions),
which limits the number of arms possible for a study [26]. In addition, for a disease in
which the standard-of-care does not provide a possibility for long-term survival, the
control arm of radiation alone does not appeal to patients, families, or physicians [20, 25].
Thus, most clinical trials consist of an experimental group only, and results are compared
to previous studies using radiation alone. A major problem with this approach, however,
9

is that there is a huge amount of variability from study to study regarding inclusion
criteria, definitions of typical and atypical BSG, definitions of response and disease
progression, and statistical endpoint determination, all of which prevents the detection of
small (1-2 month) survival benefits for the experimental group [20, 25].

The

establishment of a well-defined historical control group, defined study criteria, as well as
multi-center and international collaborations on clinical studies will be necessary to foster
progress in the future.
A third obstacle to the successful treatment of BSG is drug delivery to the
brainstem. The blood-brain-barrier (BBB) represents a complex network of endothelial
cells and supporting cells, which limit the entry of molecules into the brain from the
circulating blood. Evidence suggests that an intact BBB in the brainstem, as well as high
pressure in the pons, limits the delivery of drugs that have been introduced systemically
[26]. Attempts to circumvent this problem have included introducing BBB permeability
agents and delivering drugs directly into the tumor via either local injection or convection
enhanced delivery (CED) [26, 27]. CED has been shown to be safe and effective for
DIPG in rat animal models [22] as well in two patients with brainstem lesions [28],
however increased pre-clinical and clinical testing is required before this technique can
be used readily for the treatment of BSG.
One last issue demanding resolution in order to further efforts in this field is the
generation of biologically relevant model systems for preclinical testing of potential
therapeutics. Initial animal models developed for BSG relied on syngeneic orthotopic
transplantation of rat cerebral cortex glioma cell lines into the adult or juvenile rat
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brainstem [29-33]. While these rats did develop gliomas in the appropriate location, the
cells were derived from adult gliomas that arose in the cerebral cortex, which are
biologically irrelevant to the study of BSG. Next, several groups generated human
xenograft models in which human adult glioma cells (again from the cerebral cortex)
were transplanted into the brainstem of rats [34] or mice [35, 36], leading to tumors
histologically and anatomically resembling human BSG. An important step came when
the first group developed human BSG-specific cell and xenograft lines derived from
autopsy material of a pediatric BSG patient [37] which was followed by direct
implantation of the tumor cells into mice without a prior culture step [38]. Others have
implanted BSG cells from biopsy into mice after culture in vitro, however these
injections were into the striatum and not the brainstem [39]. The ability to derive cell and
mouse models directly from human BSG tissue taken at autopsy or biopsy will be an
important tool in BSG research, as these models are based on human cells of the correct
age and location in the brain.
An important complement to human xenograft studies, however, is the use of
genetically engineered mouse models, as these model tumors arise in their natural
microenvironment in immune-proficient animals. The establishment of such models has
been delayed, however, by the lack of knowledge regarding the genetic drivers of the
disease. The first genetically engineered mouse models of BSG have been generated by
our group using the RCAS-Tv-a modeling system and genetic alterations commonly
found in the human disease (discussed further below) [40-42].
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1.3 Genetics of Brainstem Glioma
As previously mentioned, historically the practice of biopsy for BSG in the
United States was uncommon, creating a lack of tumor specimens with which to study
the biological basis for the disease. Although the procedure to biopsy BSG had been
shown to be safe and effective in the 1970s [43], the argument against biopsy began in
the 1980s with papers by Epstein and Stroink condemning the practice as unnecessary,
unsafe, and providing a small tissue sample that is not representative of the entire tumor
and not useful for diagnostic purposes [44-46]. These beliefs set the field on a course for
decades in which biopsy was rarely conducted and diagnosis was made primarily from
imaging modalities. Recently, however, the safety, efficacy, and clinical utility of biopsy
has been addressed by several groups [47], spearheaded by a French research group who
had been regularly performing biopsy for several years with very little morbidity and no
mortality [48].
As a result, the landscape of BSG research is changing. As more biopsies are
being conducted both in Europe and the US, and simultaneously as the feasibility of
acquiring tumor samples of sufficient quality at autopsy was shown [49, 50], increased
tissue is becoming available to uncover the molecular underpinnings of the disease. This
has lead to an explosion of data over the past 5 years regarding the genetic and epigenetic
alterations characteristic of pediatric BSG. Consequently, regardless of its diagnostic
utility, biopsy may soon be warranted in order to enroll patients in the appropriate and
individualized clinical trial based on the molecular alterations of their tumors.
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The earliest studies conducted on small numbers of human BSG tissue samples
indicated a role for p53 loss or mutation [51-55] and EGFR pathway activation either
through amplification or overexpression [51, 55-58] in the disease. In addition, studies
have found alterations in the PDGFRA gene, including amplification or mutation, in up to
36% of BSG samples [9, 10, 57-60]. Other genetic alterations discovered have involved
(1) genes in the receptor tyrosine kinase-Ras-phosphoinositide 3-kinase (PI-3-K)
signaling pathway, including amplification of MET and mutation of PIK3CA, (2) genes
that regulate RB phosphorylation and cell cycle progression, (3) amplification of
MYC/MYCN, and (4) mutations in ATRX and PPM1D, the latter of which are mutually
exclusive with p53 mutations [10, 18, 61]. Interestingly, novel mutations were recently
discovered in the ACVR1 gene in 24% of cases, which have not been previously
described to occur in any other type of cancer [15-18]. In addition to p53 deficiency,
which is found in up to 77% of BSG cases [11, 18], other tumor suppressors that may be
deleted or inhibited include PTEN [56, 62] and to a lesser extant Ink4aARF, the latter of
which is rarely deleted at the genomic level but may be silenced through alternative
mechanisms [63].
A recent breakthrough in the BSG field came with the discovery of novel K27M
mutations in histones H3.1 or H3.3 in the majority of patients [11-14], and the
observation that these mutations are associated with a significantly worse clinical
outcome [11]. Although the mechanism for K27M-induced gliomagenesis is not yet fully
understood, and by itself the mutant histone does not seem to be oncogenic when
overexpressed in mice, it has been observed that mutant tumors have altered levels of the
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repressive H3K27me3 epigenetic mark as a result of aberrant polycomb repressive
complex 2 (PRC2) activity, leading to altered gene transcription, which may be involved
in the tumorigenesis process [64].
The recent large-scale expression, genomic, epigenomic, and sequencing studies
of BSG that have been completed have led to the characterization of various subsets of
the disease (Figure 2), much like what has been accomplished in adult glioma or
medulloblastoma [65].

The first studies to do this based on expression profiling

designated Proliferative, Proneural, and Mesenchymal subtypes [10] or Oligodendroglial
(characterized by PDGFRA alterations) and Mesenchymal subtypes [60]. A combination
of expression and protein profiling identified tumors that were driven by either N-Myc or
Hedgehog [66]. More recent studies incorporating expression, genomics, sequencing,
and methylation patterns have identified MYCN, silent, and H3-K27M [15] or H3-K27M
and wildtype groups [11]. As shown in Figure 2, the H3-K27M subgroup can be further
subdivided into H3.3-K27M and H3.1-K27M, the former being more common and
associating with PDGFRA alterations (and therefore the Oligodendroglial subtype), and
the latter associating with mutations in ACVR1 [15, 18]. In addition, it has been noted
that ACVR1 mutated tumors, driven by downstream BMP signaling, tend to harbor a
more mesenchymal-like phenotype (unpublished observations, Oren J. Becher).
Although still preliminary, and without an agreed upon definitive classification scheme,
these observations highlight the heterogeneity of this disease and the likelihood that
effective treatment will require an understanding of the mechanisms driving the growth
of each individual subtype.
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Figure 2. Current subtypes of Brainstem Glioma.

1.4 Regional Differences in Glioma
Based on molecular characterization of different types of brain tumors, it is clear
that there exists a large amount of heterogeneity between individual tumors.

As

previously discussed, this heterogeneity can potentially be explained by (1) different
genetic alterations initiating and/or driving tumorigenesis, (2) distinct cells-of-origin, (3)
region-specific differences in the cells-of-origin (4) region-specific extrinsic factors in the
stromal microenvironment, or (5) combinations of all of the above [1]. While distinct
genetic events or cells-of-origin most likely cause heterogeneity among tumors from the
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same region of the brain, region-specific differences in either the cell-of-origin or in
extrinsic stromal factors may also contribute to differences between tumors arising in
different areas of the brain.
A now classic example of region-specific differences in glioma comes from the
analysis of histone mutations in pediatric tumors: tumors in the midline of the CNS
(including the brainstem) commonly harbor the H3.3/3.1-K27M mutation only, while
gliomas that arise in the cerebral cortex may contain an alternative H3.3-G34R/V
mutation [11-14]. This is in accordance with the observations that midline, thalamic, and
brainstem gliomas harbor expression profiles more similar to one another as opposed to
those arising in the supratentorium [60], and that infratentorial and supratentorial lowgrade gliomas harbor distinct gene expression profiles [67].

Several studies have

demonstrated that BSG (specifically high-grade DIPG) in particular harbor unique
genetic alterations and expression signatures when compared to pediatric supratentorial
glioma [10, 57, 60]. All of these data suggest that infratentorial glioma, and in particular
BSG, represent a disease unique from their more common supratentorial counterparts.
Such regional differences in gliomagenesis may be a consequence in part of
innate differences in the regional microenvironment or cells-of-origin. Neural Stem Cells
(NSCs) are a likely candidate for cell-of-origin for glioma, and several studies have
shown that NSCs from various regions of the brain differ in their capacity to respond to
oncogenic stimuli in vitro and in vivo [68, 69]. In addition, the expression signatures of
human infratentorial and supratentorial low-grade gliomas correspond to normal
astrocytes and NSCs from their respective region [67], while the expression patterns of
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G34R/V and K27M mutant gliomas mimic the developmental region in which they arise
[13]. These observations strongly suggest that gliomas arising in different regions of the
brain are derived from unique cellular origins and support the notion that location of
glioma formation is an essential variable that cannot be overlooked in the clinical setting.

1.5 The Role of Pax3 in Development
One specific gene previously shown to display a region-specific expression
pattern in glioma is paired box 3 (PAX3)—PAX3 was found to be expressed at higher
levels in infratentorial compared to supratentorial low-grade glioma, as well as in normal
NSCs and astrocytes [67]. Pax3 is a member of the paired box family of transcription
factors of which there are nine mammalian members with orthologues in worms, flies,
frogs, fish, and birds [70], and which are known to regulate tissue development and
cellular differentiation during embryogenesis [71]. The family is defined by the presence
of a paired domain, a 128 amino acid sequence at the amino terminus which directs
binding of the Pax proteins to DNA [72], and was originally identified in the Drosophila
pair-rule segmentation gene paired (prd) [73]. The family is subdivided into groups I-IV
based on the presence or absence of additional structural motifs, including an octapeptide
and DNA-binding homeodomain, the former of which may have transcriptional
inhibitory activity [71, 73]. Pax3 and Pax7 belong to Group III, which are characterized
by all three domains in their entirety [71]. The binding of Pax proteins to some DNA
sequences requires only the paired domain while binding to others requires both the
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paired and homeodomain [73].

In addition, all Pax genes contain a transactivation

domain at the carboxy terminus that mediates transcriptional activation [73].
Pax genes are expressed in the vertebrate embryo, and are most notably involved
in patterning of the developing neural tube and CNS. Work with chick and mouse
embryos has shown that Pax genes display segmented expression patterns in the neural
tube and developing brain in response to secreted factors, and help to specify dorsal and
ventral cell fates [74]. For example, Pax3 and Pax7 (induced by bone morphogenetic
protein, BMP, signaling) characterize the dorsal neural tube and the dorsal midbrain,
while Pax6 (induced by Sonic Hedgehog, Shh, signaling) characterizes the ventral neural
tube and subsequently the ventral forebrain [74]. Pax3 is transiently expressed in the
posterior and dorsal neural tube [75-77], which leads to expression in the developing
brain to be localized to infratentorial structures such as the brainstem and cerebellum, but
not to supratentorial domains such as the cerebral cortex (see P4 in situ hybridization for
Pax3 in [78]).

In addition to the neural tube, Pax3 is regionally expressed in the

embryonic neural crest and somite, the former of which gives rise to diverse tissues and
cell types including melanocytes, neurons, peripheral glia, mesenchyme, facial cartilage,
and bone, and the latter of which gives rise to muscle [79].
Pax3 is not only necessary for the proper specification of these embryonic tissues
[71, 80-82], but also for cell survival as homozygous loss of Pax3 in the Splotch mutant
mouse leads to severe neural crest and neural tube defects and early embryonic death [8385]. This phenotype is attributable to an induction in p53-depedent apoptosis and can be
rescued by p53 loss [86]. As opposed to a direct transcriptional effect of Pax3 on p53
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transcript levels, a functional interaction has been described whereby Pax3 binds to p53
protein and induces the Mdm2-mediated ubiqutination, and subsequent degradation, of
p53 protein [87, 88]. Interestingly, as inactivating p53 is the sole mechanism whereby
Pax3 is necessary for neural tube closure, this indicates that although Pax3 is a
transcription factor, Pax3-dependent transcriptional regulation is not required during this
critical developmental step in embryogenesis; it is possible that this theme may apply to
other tissues or developmental stages in which Pax3 is expressed, including disease
processes such as cancer [87].
In addition to inhibiting p53-dependent apoptosis, there is an indication that Pax3
may play a functional role during differentiation of certain cell types. Pax3 has been
shown to induce expression of genes promoting an early lineage commitment, as well as
repress genes required for full differentiation—in this way Pax3 may promote lineage
commitment yet inhibit maturation, keeping cells in an undifferentiated state poised for
differentiation [71, 79, 89].

This state may be particularly poised for oncogenic

transformation as well, which might explain the association between Pax3 expression and
several human malignancies.

1.6 The Role of Pax3 in Cancer
Although Pax3 is primarily expressed during development and subsequently
downregulated during terminal differentiation, it can be abnormally re-expressed in
several types of cancer, such as melanoma, rhabdomyosarcoma (RMS), neuroblastoma,
and Ewing sarcoma, where it has been implicated in playing pro-tumorigenic roles [71,
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73]. In fact, Group II and III Pax genes (which includes Pax3) are all known to have
tumor-promoting characteristics, while Groups I and IV do not, a potential result of
interactions between or requirements for the different structural domains of the Pax
proteins [71].

In the alveolar subtype of RMS, Pax3 is usually associated with a

chromosomal translocation generating a Pax3-FKHR fusion gene and protein considered
necessary for oncogenesis [90]. Pax3 alone has been shown to be necessary for the
survival and proliferation of several types of cancer cells in vitro—inhibition of Pax3
expression via siRNA led to a reduction in cell survival and an induction in apoptosis in
melanoma [91-93], RMS [94, 95], and neuroblastoma [96] cell lines.
Despite this understanding of Pax3 function in cancer, a role for Pax3 in glioma
has only recently emerged. It is expressed at higher levels in infratentorial low-grade
gliomas as compared to supratentorial low-grade gliomas [67], consistent with its
expression pattern during normal brain development, but its functional role in those
tumors was not addressed.

Pax3 is re-expressed and upregulated in human glioma

relative to normal brain tissue with its expression increasing concomitant with WHO
Grade and worsening prognosis, irrespective of tumor location [97]. Functionally, Pax3
has been implicated in promoting proliferation and invasion and inhibiting apoptosis of
glioma cell lines, and promoting growth of glioma subcutaneous xenografts [98]. These
studies were completed using heavily passaged adult glioma cell lines either in culture or
orthotopically transplanted into mice. The expression or function of Pax3 in pediatric
glioma, or BSG specifically, has not been previously studied, nor has it been addressed in
the context of biologically relevant in vivo model systems.
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1.7 Mouse Modeling of Glioma using the RCAS-Tv-a System
In order to generate mouse models of BSG, our lab utilizes the RCAS-Tv-a
system, which provides a means to introduce specific oncogenes into specific cell types
of the mouse to induce tumors, and has been used extensively to model adult and
pediatric glioma [99]. RCAS, replication-competent avian sarcoma-leukosis virus long
terminal repeat with splice acceptor, is an avian retrovirus, and Tv-a, tumor virus A, is
the receptor for RCAS normally expressed exclusively on avian cells. Therefore, an
RCAS virus can only infect cells that express Tv-a. By injecting RCAS virus (or cells
transfected with RCAS plasmid and producing RCAS virus) into transgenic mice that
express Tv-a under neural cell-type specific promoters, one can target specific cell
populations in the mouse brain with specific oncogenes that are cloned into the RCAS
plasmid.
This mouse modeling system is extremely pliable and can be manipulated in
several different ways to generate glioma models. First, the targeted cell-of-origin can be
chosen by using brain-specific Tv-a strains, including Nestin-Tv-a, which targets neural
stem/progenitor cells, and GFAP-Tv-a, which targets both neural stem cells and more
restricted astrocytes [100, 101]. Different Tv-a strains can be used to generate mouse
models of glioma that resemble the human disease and to study the cellular origins of
glioma by determining which Tv-a strains can support gliomagenesis. Second, both
pediatric and adult glioma can be modeled by injecting either neonatal or adult mice,
respectively.

Third, Tv-a mice can be bred with other transgenic mice to induce

additional genetic alterations, such as the loss of tumor suppressors, to further enhance
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tumorigenesis. This tumor suppressor deletion can be germline or induced specifically in
tumor cells by using mice carrying a floxed allele of a certain gene and injecting RCASCre virus. Lastly, the location of glioma can be controlled by simply injecting RCAS
viruses into different locations of the brain—for example in this way one can generate
gliomas in the cerebral cortex, the brainstem, or the cerebellum by injecting RCAS virus
into those regions of a neonatal or adult mouse.
In the studies described here, we have utilized the Nestin-Tv-a (Ntv-a) strain of
mice in order to initiate glioma in Nestin-expressing progenitor cells of the neonatal
mouse brain. Becher et al. was the first group to utilize this technology for the generation
of BSG in mice by injecting RCAS-PDGF-B into the 4th ventricle of neonatal Ntv-a mice
(Figure 3) [41]. These mice develop low grade brainstem lesions, however when RCASPDGF-B was injected into Ntv-a;Ink4aARF-/- mice, high-grade gliomas were generated
encompassing the majority of the brainstem region within 4-6 weeks of injection that
histologically resembled human BSG, particularly the Oligodendroglial subgroup driven
by PDGFRA alterations. We subsequently optimized the model and incorporated p53deficiency, as this tumor suppressor loss is common in BSG, by injecting RCAS-PDGFB and RCAS-Cre into Ntv-a;p53fl/fl mice (Figure 3). While the PDGF-B retrovirus
induces PDGF signaling, the Cre retrovirus efficiently recombines the floxed p53 allele
in these mice to knockout p53 in Nestin-expressing cells. This combination of genetic
alterations also generates a phenotypically faithful model of BSG within 4-6 weeks of
injection [40]. Lastly, we are able to incorporate expression of the commonly-occurring
H3.3-K27M mutation into this model by adding RCAS-H3.3-K27M virus into the
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cocktail of RCAS-PDGF-B and RCAS-Cre that is injected into Ntv-a;p53fl/fl mice [42].
Much like human H3.3-K27M-expressing BSG, this mouse models shows a global
reduction in H3K27me3, and recapitulates the human disease. These have been the first
genetically engineered mouse models of BSG with which to study the mechanisms and
cellular origins of the disease.

Figure 3. Generation of PDGF-B-induced Glioma in mice using RCAS-Tv-a
Technology

1.8 Conclusions
Brainstem Glioma (BSG) is an incurable and universally fatal disease that affects
several hundred children in the United States each year. Although much progress has
been made in recent years uncovering the unique biological basis for this disease, there
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have been no significant improvements made in treatment for the past 3 decades. In
order to contribute to the biological understanding of this deadly disease, we aimed to
uncover unique characteristics of BSG as compared to its pediatric cerebral cortex glioma
counterpart. By using a genetically engineered mouse model of glioma that resembles
the human disease, we initiated gliomas in the brainstem and the cerebral cortex of mice
with identical genetic alterations, and subsequently compared the gene expression
profiles of the resulting tumors. A set of brainstem-specific gliomagenesis genes was
thus identified, which included the regionally expressed developmental transcription
factor Pax3. We chose to focus our studies on the relationship between Pax3 expression
and the brainstem gliomagenesis process in humans and mice by investigating the
following questions: 1) Does Pax3 expression occur in human BSG and does it define a
clinically relevant subset of the disease? 2) Does Pax3 contribute functionally to
gliomagenesis in the brainstem? 3) Is Pax3 expression in BSG upstream or downstream
of any signaling pathways that might be novel therapeutic targets for the treatment of this
disease in humans? 4) Does Pax3 expression mark a population of brainstem progenitor
cells that could serve as a cell-of-origin for BSG? The investigations into these questions
will be the focus of the upcoming chapters.
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2. Pax3 is a Regional Marker in Mouse and Human Glioma

Portions of the writing and all of the figures and tables (with the exception of
Table 4) included in this chapter are taken from the following research article [102]:
Misuraca KL, Barton KL, Chung A, Diaz AK, Conway SJ, Corcoran DL, Baker, SJ, and
Becher OJ. Pax3 Expression Enhances PDGF-B-Induced Brainstem Gliomagenesis and
Characterizes a Subset of Brainstem Glioma. Acta Neuropathologica Communications.
2014, 2:134 DOI: 10.1186/s40478-014-0134-6.

2.1 Introduction
It is becoming increasingly apparent that regional differences exist in glioma and
most likely are an important contributing factor to brain tumor heterogeneity. Many
studies comparing gene expression patterns or genetic alterations in human glioma
samples across various regions of the brain have revealed distinct region-specific
characteristics of tumors [13, 60, 67].

Some of these characteristics (namely gene

expression signatures) can be correlated back to developing normal cells from the same
region, suggesting that these region-specific differences are inherent to the location [13,
67]. The mechanisms explaining why certain mutations are more likely to occur in
certain regions of the brain are still unknown.
In trying to uncover region-specific differences in glioma, it is likely that
comparisons of human samples overlook some important differences due to the multitude
of confounding variables present in a group of human samples. We therefore sought to
investigate how regional differences contribute to glioma heterogeneity in a more
controlled setting—genetically engineered mouse models. We induced glioma in the
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cerebral cortex and brainstem of genetically identical mice, using the same genetic
alterations, and analyzed the resulting tumors for gene expression differences. We were
also able to repeat the analysis with purified tumor cells, thus removing the stromal
component from tumors that may confound analysis of human samples. In this way, we
investigated the contribution of factors such as region-specific cells-of-origin or stroma
on glioma cells, irrespective of the genetic alterations driving tumor formation.
The mouse model we chose to utilize is based on enhanced platelet derived
growth factor (PDGF) signaling [41, 103], a common event found in pediatric and adult
gliomas arising in both the cerebral cortex and brainstem, including the proneural non GCIMP and RTK-I subtypes [7] and the oligodendroglial/PDGF receptor alpha (PDGFRα)
subset of BSG [60]. The increase in PDGF signaling can be achieved via amplification
or mutation of the PDGFRA gene [7, 10, 11, 60, 104], and less commonly via
amplification of one of the PDGF ligands [9]. Even when amplification or mutation is
not present, increased expression of either the receptor or ligand presumably leads to
increased signaling in a significant number of cases [104-106]. Increased expression of
both receptor and ligand throughout tumors and stroma suggests autocrine and paracrine
effects of PDGF signaling in gliomagenesis [106]. PDGF-A and PDGFRα are more
commonly expressed in glioma cells, while PDGFRβ is more often found expressed in
adjacent endothelial cells [106]. Interestingly, in glioma mouse models, overexpression
of PDGF-B ligand (which signals through both receptors) leads to PDGFRα
overexpression in tumor cells [41, 103] and is a more potent oncogene than PDGF-A,
likely as a result of its effects on tumor vasculature [107].
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In addition to PDGF signaling, our mouse model uses Ink4a/ARF deletion to
enhance glioma formation [41, 103]. Loss of the Ink4a/ARF tumor suppressor locus
(CDKN2A) occurs in a high percentage of both adult GBM (60%) and childhood highgrade glioma (10-20%) in humans (representing primarily tumors in the supratentorial
location) [7], making this genetic alteration ideal for studying this tumor type. Although
less commonly found in pediatric BSG, at the time this study was initiated, there was
evidence that Ink4a/ARF deficiency could occur in BSG as well, if not through
chromosomal loss than possibly through methylation of its promoter [53, 63]. In the
ensuing years, however, it has been discovered that in BSG, p53 (TP53) loss is a common
occurrence [11, 18]. As a result, we confirmed our results from the Ink4a/ARF model
with a p53-deficient model of the disease [40]. In addition, since the start of this project,
mutations in histones H3.1 and H3.3 have been discovered in both pediatric cerebral
cortex and brainstem gliomas, with H3.3-K27M being the most common mutation in
BSG [11-14]. As a result, we have also confirmed our results with a mouse model
incorporating this important mutation [42] in order to provide compelling evidence that
our data is relevant for a large percentage of human tumors.
Using the RCAS-Tv-a mouse modeling system, we generated Cerebral Cortex
and Brainstem Gliomas (CG and BSG) by injecting RCAS-PDGF-B into the cerebral
cortex or brainstem, respectively, of neonatal Ntv-a;Ink4aARF-/- mice. The resulting
tumors were analyzed for gene expression differences between each other as well as
compared to their normal tissue counterparts. We thus identified 8 brainstem-specific
gliomagenesis genes that are candidates for playing a role in the gliomagenesis process in
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the brainstem but not the cerebral cortex.

We chose to focus our studies on the

transcription factor paired box 3 (Pax3), and investigated its expression pattern in
Ink4aARF-deficient, p53-deficient, and H3.3-K27M-expressing mouse glioma, as well as
human cohorts of pediatric CG and BSG samples for which expression profiles were
already available.

2.2 Results
2.2.1 Mouse Brainstem Glioma and Cerebral Cortex Glioma have distinct gene
expression signatures
In order to identify regional differences in glioma, and in particular unique
characteristics of those arising in the brainstem, we generated mouse Brainstem Glioma
(BSG) and Cerebral Cortex Glioma (CG) by injecting RCAS-PDGF-B virus-producing
cells into the brainstem or cerebral cortex, respectively, of postnatal day 2-4 (P2-4)
Nestin-Tv-a(Ntv-a);Ink4aARF-/- mice (Figure 4A) [41, 103].

The gene expression

profiles of the resulting tumors were first compared to their normal tissue counterparts.
Using an FDR-adjusted p-value <0.05 and fold-change ≥2.0, 7,869 genes were
differentially expressed between normal cortex (NC) and CG, while 7,263 genes were
altered in BSG compared to normal brainstem (NBS) (Figure 4B, see reference [102] for
gene lists). Of the latter group, 2,547 genes were specific to the brainstem gliomagenesis
process and were not altered during gliomagenesis in the cerebral cortex (Figure 4B). In
addition, the comparison between BSG and CG revealed only 23 genes differentially
expressed between these two types of tumors (Figure 4B-C, Table 1), including
upregulation of Irx5 and Pax3 and downregulation of Bmp4 and Foxg1. We were
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interested in genes that functionally contribute to the brainstem gliomagenesis process,
and so when these 23 genes were intersected with the 2,547 BSG-associated genes, 10
probes, representing 8 brainstem-specific gliomagenesis genes, were identified (Figure
4B, Table 2).
The expression array comparing BSG and CG described above was conducted
with whole tumor tissue. Therefore it is possible that non-neoplastic cells contributed to
some of the expression differences. To investigate this, we utilized the Olig2-eGFP-L10a
reporter strain [108, 109], in which the eGFP-L10a fusion protein is expressed under the
control of the Olig2 promoter. As Olig2 expression marks all tumor cells of our glioma
model [41], this effectively labels tumor cells with GFP. Ntv-a;Ink4a-ARF-/-;Olig2eGFP-L10a mice were injected with RCAS-PDGF-B into the brainstem or cerebral
cortex to generate BSG or CG, respectively, within 4-6 weeks from injection (Figure
5A). Tumors were harvested, dissociated, and sorted into GFP-positive and -negative
populations. The GFP-positive fractions were analyzed for gene expression differences
by microarray, and 118 genes were found differentially regulated between Olig2-BSG
and Olig2-CG tumor cells (Figure 5B, see reference [102] for gene list), including a
subset of the 23 genes differentially regulated between the whole tumors (Table 1).
Importantly, of the 8 brainstem-specific gliomagenesis genes in Table 2, the genes
highlighted in bold were also differentially regulated between Olig2-BSG and Olig2-CG
cells, and presumably play a role in BSG tumor cell biology.
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Cerebral Cortex
Injection
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C

Figure 4. Regional differences in PDGF-B-induced mouse glioma.
A Glioma was initiated in the mouse by injecting RCAS-PDGF-B virus into the
brainstem or cerebral cortex of neonatal Ntv-a;Ink4a-ARF-/- mice. Shown is a sagittal
section of a wildtype postnatal day 4 brain, stained with H&E, indicating the location of
brainstem and cerebral cortex injections. Scale bar is 1 mM. B-C Expression profiling
was conducted on the resulting Brainstem Glioma (BSG) and Cerebral Cortex Glioma
(CG) and compared with age-matched normal brainstem (NBS) and normal cerebral
cortex (NC), n=3 for each. B Venn diagram showing the intersection of genes
differentially expressed between NBS and BSG (green circle), between NC and CG (blue
circle), and between BSG and CG (red circle). C Hierarchical clustering of 23 genes
differentially regulated between BSG and CG. FDR-adjusted p-value <0.05 and foldchange ≥2.0. Figure originally published in [102].
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Table 1. Genes differentially expressed in Brainstem and Cerebral Cortex Glioma.

Gene
Symbol
Irx5
Pax3
Pax3
Tmem1
17
Car2
Pax3
Slc22a3
4933436
C20Rik
Gria4
St8sia3
Pcyt1b
Ubtf
Mef2c
Ptgs2
Bmp4
Etl4
3110039
M20Rik
Myo5b
AI31460
4
H19
Chl1
Hhipl2
Foxg1

Gene Title

FoldChange
BSG vs.
CG

p-value

FoldChange
Olig2
BSG vs.
CG

p-value

Iroquois related homeobox 5
(Drosophila)
paired box gene 3
paired box gene 3

19

6.15E-06

14.3

1.46E-05

8.4
6.3

1.20E-06
2.45E-05

4.3
3.1

4.83E-04
1.21E-05

transmembrane protein 117

5.7

2.26E-06

4.3

3.06E-04

carbonic anhydrase 2
paired box gene 3
solute carrier family 22 (organic
cation transporter), member 3

5.5
3.7

1.26E-05
3.24E-05

5.2
3.8

3.99E-03
7.95E-04

3.6

5.89E-06

NA

NA

RIKEN cDNA 4933436C20 gene

3

1.08E-05

2.8

3.84E-03

2.9

3.28E-05

2.4

2.30E-03

2.5

8.98E-06

NA

NA

2.5

1.24E-05

NA

NA

2

1.86E-05

NA

NA

-2

3.04E-05

NA

NA

-2.7

3.24E-05

NA

NA

-2.8
-3.2

1.94E-07
1.65E-05

NA
NA

NA
NA

RIKEN cDNA 3110039M20 gene

-4.6

1.51E-06

-4.0

1.52E-04

myosin VB

-7.6

2.41E-05

NA

NA

expressed sequence AI314604

-8.9

7.21E-09

NA

NA

H19 fetal liver mRNA
cell adhesion molecule with
homology to L1CAM
hedgehog interacting protein-like 2
forkhead box G1

-10

2.34E-06

-5.9

1.60E-04

-12.9

3.66E-07

-6.4

3.39E-03

-20.5
-54.2

5.57E-07
6.58E-10

NA
-48.3

NA
7.44E-04

glutamate receptor, ionotropic,
AMPA4 (alpha 4)
ST8 alpha-N-acetyl-neuraminide
alpha-2,8-sialyltransferase 3
phosphate cytidylyltransferase 1,
choline, beta isoform
upstream binding transcription
factor, RNA polymerase I
myocyte enhancer factor 2C
prostaglandin-endoperoxide
synthase 2
bone morphogenetic protein 4
enhancer trap locus 4
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Table 2. 8 genes associated with brainstem gliomagenesis but not cerebral cortex
gliomagensis.
Gene
Symbol

Gene Title

Fold-Change
BSGa vs NBSb

p-value

Fold-Change
BSG vs CGc

Pax3d

paired box gene 3

4.96

1.04E-05

8.44

1.20E-06

Pax3

paired box gene 3

3.87

2.19E-04

6.32

2.45E-05

Irx5

Iroquois related homeobox 5
(Drosophila)

3.35

2.67E-03

19.01

6.15E-06

Pax3

paired box gene 3

2.61

2.86E-04

3.70

3.24E-05

2.49

1.11E-05

2.46

1.24E-05

2.47

4.35E-05

2.99

1.08E-05

p-value

4933436C
20Rik

phosphate cytidylyltransferase
1, choline, beta isoform
RIKEN cDNA 4933436C20
gene

Myo5b

myosin VB

-2.41

5.53E-03

-7.59

2.41E-05

Bmp4

bone morphogenetic protein 4

-2.57

3.47E-07

-2.77

1.94E-07

Chl1

cell adhesion molecule with
homology to L1CAM

-7.21

2.66E-06

-12.91

3.66E-07

Al314604

expressed sequence Al314604

-45.25

8.64E-11

-8.89

7.21E-09

Pcyt1b

a

BSG=Brainstem Glioma
NBS=Normal Brainstem
c
CG=Cerebral Cortex Glioma
d
Genes in bold are also differentially expressed between Olig2-eGFP-L10a BSG and CG.
b
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Figure 5. Regional differences in Olig2-Glioma cell compartments.
A Kaplan-Meier survival curve of Ntv-a;Ink4a-ARF-/-; Olig2-eGFP-L10a mice injected
with RCAS-PDGF-B into the brainstem or cerebral cortex at P2-4 to generate Brainstem
Glioma (BSG) and Cerebral Cortex Glioma (CG), respectively. B Gliomas from (A)
were harvested, dissociated, and sorted into GFP+ and GFP- compartments by FACS and
the GFP+ BSG and CG samples (n=3 for each) were compared using expression
profiling. Shown is hierarchical clustering of 118 genes differentially regulated between
BSG and CG Olig2-cells. p <0.01 and fold change ≥2.0. Figure originally published in
[102].
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2.2.2 Pax3 expression characterizes mouse Brainstem Glioma
Among the 8 brainstem-specific gliomagenesis genes identified in this screen, 3
independent probes for the developmental transcription factor paired box 3 (Pax3)
showed upregulation in BSG over CG and over normal brainstem (Table 2, Figure 6A).
This differential expression pattern was confirmed via real time reverse transcription
polymerase chain reaction (qRT-PCR) (Figure 6B). Pax3 was undetectable by qRT-PCR
in normal cerebral cortex or CG tissue (n=3 for each, data not shown). Importantly, Pax3
was also differentially expressed between Olig2-BSG and -CG cells, with increased
expression in BSG relative to CG (Figure 6C). To determine whether Pax3 expression is
confined to the Olig2-tumor cell compartment of BSG, qRT-PCR for Pax3 was
conducted on the sorted GFP-positive and -negative cells, relative to unsorted tumor
cells. This revealed that Pax3 expression is primarily found within the Olig2-tumor cell
compartment of BSG (Figure 6D). Pax3 mRNA was undetectable by qRT-PCR in all
compartments of Olig2-eGFP-L10a CG (n=3, data not shown).
PAX3 protein can also be detected at higher levels in mouse BSG than CG by
western blot (Figure 7A). To determine whether high expression of PAX3 occurs in
p53-deficient BSG, we injected Ntv-a;p53fl/fl mice with DF1 cells producing RCASPDGF-B and RCAS-Cre viruses [40]. In the tumors that arose in these mice, we found
PAX3 protein expression at levels comparable to those found in Ink4aARF-deficient
tumors (Figure 7A). In addition, to investigate whether the regional expression pattern
of Pax3 is relevant in the context of the commonly occurring H3.3-K27M histone
mutation, we injected Ntv-a;p53fl/fl mice with DF1 cells producing RCAS-PDGF-B,
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RCAS-H3.3-K27M, and RCAS-Cre viruses [42]. As shown in Figure 7B, we see high
levels of PAX3 protein in PDGF-B;H3.3-K27M;p53-deficient gliomas initiated in the
brainstem, but not in the cerebral cortex. Collectively, these data indicate that Pax3 is a
brainstem-specific marker of mouse PDGF-B-driven glioma in the context of Ink4aARFdeficiency, p53-deficiency, as well as H3.3-K27M expression.
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Figure 6. Pax3 is expressed in mouse Brainstem Glioma.
A Log expression level of Pax3 for one probe from the expression array in Fig. 1. B
qRT-PCR for Pax3 in normal brainstem (NBS) and brainstem glioma (BSG) tissue, n=3
for each. Relative Pax3 expression is normalized to Actin. C Log expression level of
Pax3 for one of three probes from the Olig2-eGFP-L10a glioma expression array from
Fig. 5. D qRT-PCR for Pax3 in unsorted (Uns), GFP+, and GFP- fractions of Olig2eGFP-L10a BSG (n=5). Pax3 expression levels are normalized to Actin and represented
as a percentage of unsorted cells. Figure originally published in [102].
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Figure 7. PAX3 protein is expressed in mouse Brainstem Glioma.
A Western blot for PAX3 (53kDa) in the following mouse tissues from left to right: P3
cerebellum (CB), P3 cerebral cortex (NC), and P3 brainstem (NBS); adult normal
cerebral cortex (NC), cerebral cortex glioma (CG), adult normal brainstem (NBS), and
brainstem glioma (BSG). ACTIN (43kDa) is shown as a loading control. B Western blot
for PAX3 (53kDa) in PDGF-B;H3.3-K27M;p53-deficient Cerebral Cortex Glioma (CG)
and Brainstem Glioma (BSG). ACTIN (43kKa) is shown as a loading control. Figure
originally published in [102].

2.2.3 High Pax3 expression defines a novel subset of human Brainstem Glioma
To correlate our observations regarding Pax3 expression and function in mouse
glioma with human disease, pediatric BSG (all of which were characterized as DIPG) and
CG samples were utilized from previously published gene expression profiles, one
comprised of post-treatment autopsies from St. Jude [9, 10], and one comprised of pretreatment biopsies from Necker-Sick Children [60]. The BSG and CG profiles from each
dataset were compared, generating lists of significantly differentially expressed genes
(FDR-adjusted p-value <0.05, see reference [102] for gene lists). PAX3 was upregulated
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in BSG relative to CG in both datasets, 3.7-fold in the autopsy samples (Figure 8A), and
1.8-fold in the biopsy samples (Figure 8B).
Interestingly, high PAX3 expression characterized approximately 40% of the BSG
samples in both datasets (11/28, Figure 8A, and 11/25, Figure 8B).

To glean

information regarding the tumors with high PAX3 expression, we first compared gene
expression profiles of the PAX3-Low versus PAX3-High BSG samples from both
datasets. Besides PAX3, there were very few genes that met the criteria for significance
(adjusted p-value < 0.05), and none that shed any additional light on the biology of the
PAX3-High subset (see reference [102] for gene lists). We next compared the genetic
alterations occurring in PAX3-Low versus PAX3-High BSG samples from Figure 8A [10,
14, 18, 59]. As is shown in Figure 8C and Table 3, high PAX3 expression significantly
associated with wildtype ACVR1, PDGFRA amplification or mutation, and CDK4/6CCND1/2/3 amplification. In addition, PPM1D and H3.1-K27M mutations were found
exclusively in PAX3-Low tumors (27% and 18%, respectively), although these
relationships were not significant due to their low frequency. The majority of PAX3High tumors also contained TP53 alterations (82%) and the H3.3-K27M mutation (82%).
Lastly, compared to children with PAX3-Low BSG, those harboring PAX3-High BSG
were significantly older at diagnosis (Figure 9). Collectively, these data describe a novel
subset of human BSG with high Pax3 expression that are commonly characterized by
increased PDGF signaling, and highlight an important regional difference between
pediatric gliomas arising in the cerebral cortex (supratentorial) and the brainstem
(infratentorial) (Figure 10).
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Figure 8. High Pax3 expression characterizes a subset of human Brainstem Glioma.
A-B Previously published expression profiles of human BSG and CG samples: posttreatment autopsy samples from St. Jude (A) and pre-treatment biopsy samples from
Necker-Sick Children (B) were analyzed for gene expression differences as described in
Materials and Methods. Log expression level of PAX3 in BSG versus CG. Red circles
indicate the 11/28 (A) and 11/25 (B) of BSG samples with high PAX3 expression. C
Table showing PAX3-High and PAX3-Low tumors from the dataset in (A) and their
genetic alterations. Black squares indicate a sample is positive for that alteration.
PDGFRA alteration includes PDGFRA gain, detected either by SNP array or FISH, or
mutation (single nucleotide variants, indels, and structural variants), detected by wholegenome sequencing. Figure originally published in [102].
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Table 3. Genetic alterations associated with Pax3
expression in human Brainstem Glioma.
Genetic	
  Alteration	
  

Pax3-‐
Low	
  
ACVR1	
  mutation	
  
6/11	
  
PDGFRA	
  alterationa	
  
1/11	
  
CDK4/6-‐CCND1/2/3	
  amp	
   1/11	
  
TP53	
  alteration	
  
4/11	
  
PPM1D	
  mutation	
  
3/11	
  
	
  
Histone	
  H3.3-‐K27M
6/11	
  
Histone	
  H3.1-‐K27M	
  
2/11	
  
a

Pax3-‐ P-‐valueb	
  
High	
  
0/11	
  
*0.01	
  
7/11	
  
*0.02	
  
7/11	
  
*0.02	
  
9/11	
  
0.08	
  
0/11	
  
0.2	
  
9/11	
  
0.4	
  
0/11	
  
0.5	
  

Includes PDGFRA gain, detected either by SNP array
or FISH, or mutation (single nucleotide variants, indels,
and structural variants), detected by whole-genome
sequencing
b
Fisher’s Exact Test
*p-value < 0.05
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Figure 9. Age at diagnosis of PAX3-High versus PAX3-Low human
Brainstem Glioma.
Figure originally published in [102].
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Figure 10. Regional differences in Pax3 expression in human Glioma.
Figure originally published in [102].

2.3 Discussion
Brainstem Glioma (BSG) is a distinct disease, biologically and clinically, from
glioma of the cerebral cortex (CG). While decades of research has provided insight into
the cellular, molecular, and genetic alterations occurring in CG and guided therapeutic
strategies for that disease, the field of BSG research is still in its infancy. In an effort to
identify unique characteristics of BSG, we compared gene expression profiles of mouse
PDGF-B-induced BSG and CG, and identified 23 genes that are differentially regulated
between gliomas arising in the two regions. Among those genes, 8 were associated with
the gliomagenesis process in the brainstem but not in the cerebral cortex—these genes we
identify as “brainstem-specific gliomagenesis genes”. Of these genes, Pax3, Irx5, and
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Chl1 were also differentially regulated between the Olig2-compartments of BSG and CG
suggesting that they represent biological differences within the tumor cells. As Olig2
characterizes the majority of human BSG, particularly the oligodendroglial (PDGFRα)
and H3-K27M subgroups [13, 60, 110, 111], as well as marks a candidate cell-of-origin
for BSG [37], the expression profile of these cells has important implications for at least a
subset of the human disease.
Due to the controlled nature of this experiment, the gene expression signatures
identified in this study can be primarily attributed to regional characteristics of the
brainstem and cerebral cortex. It has not been previously reported that gliomas induced
with the same genetic alterations in different regions of the mouse brain have distinct
gene expression. We have found mouse BSG to harbor a distinct expression pattern of
developmental homeobox genes and transcription factors, including Pax3, Irx5, Foxg1,
and Lhx2. Overall, these observations are similar to those made by others in comparing
human infratentorial to supratentorial low-grade glioma [67], and BSG to other pediatric
high-grade glioma [60]. The latter study did not include PAX3 in their list of genes
upregulated in BSG, however, potentially due to the inclusion of thalamic gliomas in
their high-grade glioma group, some of which could harbor high PAX3 expression.
Herein is the first report of Pax3 expression in BSG.

Importantly, we find

regional expression of Pax3 in mouse PDGF-B-driven glioma in the context of
Ink4aARF-loss, p53-loss, and overexpression of H3.3-K27M, that is mirrored in human
glioma. PAX3 mRNA is expressed at higher levels in BSG compared to CG in two
independent sets of human samples, which include both pre-treatment biopsies and post43

treatment autopsies. The analyses also revealed that approximately 40% of human BSG
harbor relatively high PAX3 expression and that these tumors associate with increased
PDGFRα signaling and alterations of cell-cycle regulatory genes, both of which
characterize our PDGF-B-driven BSG mouse model. The majority of PAX3-High tumors
also contain TP53 alterations and the H3.3-K27M mutation, genetic alterations that also
coexist with Pax3 expression in our mouse model. Collectively, these data suggest that
PAX3-High tumors may be part of the oligodendroglial and the H3-K27M subgroups
previously described to harbor PDGFRA alterations [15, 60]. In addition, PPM1D, H3.1K27M, and ACVR1 mutations occur only in PAX3-Low tumors, the last of which has also
been reported to be mutually exclusive of PDGFRA alterations [16, 18], consistent with
what we see here. The exclusivity between high Pax3 and ACVR1 mutations seen here is
supported by the observation that Pax3 expression is higher in ACVR1 wildtype
compared to mutant BSG [18]. Consistent with ACVR1 mutations occurring in younger
patients [18], Pax3-High (and thus ACVR1 wildtype) tumors are associated with older
patients in this study.
In summary, we have identified Pax3 expression as being a regional marker in
mouse and human glioma. It is expressed at higher levels in mouse BSG than CG in the
context of enhanced PDGF signaling, Ink4aARF loss, p53 loss, and overexpression of the
H3.3-K27M mutation. Similarly, it is expressed at higher levels in human BSG than CG,
with 40% of human BSG harboring elevated levels of the gene. The Pax3-High subset
seems to be a part of the previously described oligodendroglial/PDGFRα and H3-K27M
subgroups, and likewise is exclusive of ACVR1 mutations.
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Further analysis of an

increased number of samples with both expression and genetic data available will reveal
whether the trends we have discovered here hold up in more patients. These results add
knowledge to the increasingly complex characterization of human BSG that is currently
underway, and highlight another important regional difference between pediatric
brainstem and cerebral cortex gliomas.

2.4 Materials and Methods
2.4.1 Mice
Nestin-Tva (Ntv-a) and Ntv-a;Ink4a-ARF-/- [41] and Ntv-a;p53fl/fl mice [40] have
been described. Olig2-eGFP-L10a [108, 109] were bred to Ntv-a;Ink4a-ARF-/- mice to
generate Ntv-a;Ink4a-ARF-/-;Olig2-eGFP-L10a mice.

For genotyping, gDNA was

isolated from mice using the REDExtract-N-Amp Tissue PCR Kit (Sigma) per the
manufacturer’s protocol, using previously published primers. All work with mice was
done in accordance with the Duke University Animal Care and Use Committee and the
Guide for the Care and Use of Laboratory Animals.

2.4.2 RCAS/Tv-a Glioma mouse modeling
In the RCAS/Tv-a glioma mouse modeling system, avian retroviruses (produced
from RCAS plasmids) infect mouse cells expressing Tv-a (the receptor for RCAS
viruses). DF1 cells (ATCC) were cultured and transfected with RCAS plasmids as
described [40] using Fugene 6 or X-TremeGENE 9 (Roche). RCAS-Y, RCAS-PDGF-B,
and RCAS-Cre plasmids are described [112]. RCAS-Pax3 plasmid was obtained from
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Andrew Bendall (University of Guelph, Ontario) [113]. RCAS-H3.3-K27M plasmid was
generated by the C. D. Allis lab (The Rockefeller University, New York) [42].
Generation of PDGF-B-induced brainstem glioma [40, 41] and cerebral cortex glioma
[103] were as described. Briefly, 1x105 DF1 cells transfected with RCAS plasmids and
producing RCAS viruses, were injected into the brainstem or cerebral cortex of neonatal
Ntv-a pups (postnatal day 2-4) in 1µL volume using a custom Hamilton syringe.
Combinations of viruses were injected at a 1:1 or a 1:1:1 ratio, and RCAS-Y transfected
DF1 cells were used as a negative control. Injected mice were monitored daily and
euthanized with CO2 upon appearance of signs of brain tumors (enlarged head, ataxia,
weight loss up to 25%) or at 12 weeks post-injection in the absence of symptoms.

2.4.3 FACS of Olig2-eGFP-L10a Glioma
Brainstem or Cerebral Cortex Gliomas from Ntv-a;Ink4aARF-/-;Olig2-eGFP-L10a
mice injected with RCAS-PDGF-B were harvested and dissociated into a single cell
suspension as described [40]. Briefly, tissue was digested in papain (Worthington) and
DNAse (Sigma Aldrich) at 37°C, followed by three cycles of triturations in ovomucoid
(Worthington) and centrifugation at 600rpm. The resulting cells were passed through a
70µm strainer, an aliquot of cells was set aside for the unsorted control, and the
remainder of cells were sorted using a FACSVantage sorter (BD Bioscience) by the Duke
Cancer Institute Flow Cytometry Core into GFP+ and GFP- populations.

Cell

populations were centrifuged, washed in PBS, snap frozen and stored at -80°C for mRNA
isolation.
46

2.4.4 Mouse and Human Expression Analysis
Frozen BSG and CG samples, along with brainstem and cerebral cortex from agematched non tumor-bearing mice of the same genetic background (n=3 for all groups),
were sent to Expression Analysis (EA, Durham, NC) for total mRNA isolation and
hybridization to Affymetrix GeneChip Mouse Genome 430 2.0 Arrays. Total mRNA
samples isolated from Olig2-eGFP-L10a-positive PDGF-B;Ink4aARF-/- glioma cells were
sent to EA for hybridization to the same arrays. Data was analyzed using Partek
Genomics Suite (Partek Incorporated) for quality control, Robust Multi-Array (RMA)
was used for normalization, and differentially expressed genes were determined by oneway ANOVA using the cutoffs described in the text.
Human BSG and CG samples with expression data available from St. Jude [9, 10]
were selected for analysis. Log-scale Robust Multiarray Analysis (RMA) from the affy
[114] package in Bioconductor [115] was used for normalization to eliminate systematic
differences across the arrays. Differentially expressed genes between brainstem and
cerebral cortex glioma samples were identified using the limma [116] package in
Bioconductor, which utilizes an empirical Bayes’ approach for parameter estimation and
significance testing. The False Discovery Rate (FDR) method was employed to control
for multiple hypothesis testing. To compare gene expression differences within the
brainstem samples, RMA normalization was applied to the arrays where they were then
classified based on their normalized PAX3 expression levels (probe 231666_at). Arrays
where PAX3 had a normalized expression value > 4 were classified as PAX3-High, while
all others were classified as PAX3-Low. Identification of genes differentially expressed
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between the two groups was calculated using limma as described above. These same
classifications of PAX3-High and PAX3-Low were used for associations with genetic
alterations, where the genetic alterations were acquired from previously published data
[10, 14, 18, 59].
Human BSG and CG samples with expression data available from Necker-Sick
Children [60] were selected for an independent analysis. The Agilent microarray data
was processed and normalized using the limma [116] package in Bioconductor [115].
The normexp method (normal+exponential convolution model) was used to correct for
background intensities.

Quantile normalization was used to eliminate systematic

differences across all of the arrays. Differentially expressed genes between brainstem
and cerebral cortex glioma samples were determined using the methods described above
for the first dataset.

To compare gene expression differences within the brainstem

samples, arrays were classified based on their PAX3 expression levels (probe name:
A_23_P502706). Arrays with a PAX3 expression level > 7 were classified as PAX3High, whereas all others were classified as PAX3-Low.

Identification of genes

differentially expressed between the two groups was calculated using limma as described
above.

2.4.5 Real Time PCR
Cultured cells or snap frozen tumors were processed for mRNA isolation using
the RNeasy Mini kit (QIAGEN) per the manufacturer’s protocol. cDNA was synthesized
from total mRNA using SuperScript II and OligodT primer (Invitrogen). qRT-PCR
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reactions were set up with iQ SYBR Green Supermix (BioRad) and run on a Bio-Rad iQ5
Multicolor Real-Time PCR Detection System. Primers for Pax3 and Actin are shown in
Table 4. Relative gene expression levels were generated using the ΔΔCt method [117]
using Actin as the reference gene.

Table 4. PCR Primers.
Gene

Forward Primer (5’-3’)

Reverse Primer (5’-3’)

Temp

Actin

TATTGGCAACGAGCGGTTCC

GGCATAGAGGTCTTTACGGATGTC

60

Pax3

TCCATCCGACCTGGTGCCAT

TTCTCCACGTCAGGCGTTG

60

PDGF
-B

AGTGACCACTCGATCCGCTCCT

TTTGGGGCGTTTTGGCTCGCTG

55

Hoxa2

TACGAATTTGAGCGAGAGATTGG

GTCGAGGTCTTGATTGATGAACT

60

Hoxa3

TCAGCGATCTACGGTGGCTA

GAGGCAAAGGTGGTTCACCC

60

Hoxa4

CGGTGGTGTACCCCTGGAT

GCTTAGGTTCGCCTCCGTTAT

60

Hoxa5

CTCATTTTGCGGTCGCTATCC

AGATCCATGCCATTGTAGCC

60

Hoxa6

CGGCCAGGACTCCTTCTTG

CCGAGTTGGACTGTTGGTAAAA

60

Hoxb2

GCCTACACCAACACGCAACT

CGGCACAGGTACTTATTGAAGTG

60

Axin2

TCTGTGGAGAAGAAATTCCATACA

ATTCGTCACTCGCCTTCTTG

56

Gli1

CCAAGCCAACTTTATGTCAGGG

AGCCCGCTTCTTTGTTAATTTGA

60

Gli3

CACAGCTCTACGGCGACTG

CTGCATAGTGATTGCGTTTCTTC

60

2.4.6 Western Blot
Frozen tumors or normal tissue samples were either grinded with a mortar and
pestle on liquid nitrogen followed by lysis in RIPA buffer containing 1x Protease
Inhibitor Cocktail (Sigma Aldrich), 10mM PMSF, 50mM NaF, 1mM NaVO4, and 1mM
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DTT or lysed and homogenized in the same buffer using a Glas-Col Variable SpeedReversible Homogenizer set to a motor speed of 80 followed by sonication using a
Brason Sonifier 250. Cleared and denatured lysates were run on a NuPAGE 4-12% BisTris gradient gel (Invitrogen), and transferred onto nitrocellulose membrane using the
iBlot (Invitrogen). Antibodies were diluted in Odyssey Blocking Buffer (Li-Cor) with
0.2% Tween-20. Blots were imaged using the Odyssey (Li-Cor) per the manufacturer’s
instructions. Antibodies used were: anti-PAX3 (DSHB, concentrated form, 1:1000) and
anti-ACTIN (Santa Cruz Biotechnology, 1:500). Secondary antibodies from Li-Cor were
used at 1:10,000 for IRDye800CW or 1:20,000 for IRDye680LT.

2.4.7 Statistical Analysis
Statistics were calculated using GraphPad Prism 5 software. qRT-PCR for Pax3
in mouse tissue was analyzed using student’s unpaired t-test. For analyses of human
data, unpaired t-test was used for the age at diagnosis of PAX3-Low versus PAX3-High
tumors, and Fisher’s exact test was used to test for significance of the association
between high Pax3 expression and genetic alterations.
***=p≤0.001, ****=p≤0.0001.
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*=p≤0.05, **=p≤0.01,

3. Pax3 Contributes to Brainstem Gliomagenesis

Portions of the writing and all of the figures included in this chapter are taken
from the following research article [102]:
Misuraca KL, Barton KL, Chung A, Diaz AK, Conway SJ, Corcoran DL, Baker, SJ, and
Becher OJ. Pax3 Expression Enhances PDGF-B-Induced Brainstem Gliomagenesis and
Characterizes a Subset of Brainstem Glioma. Acta Neuropathologica Communications.
2014, 2:134 DOI: 10.1186/s40478-014-0134-6.

3.1 Introduction
We have shown that Pax3 is a regional marker in mouse and human glioma and
that its expression is higher in gliomas arising in the brainstem than in those arising in the
cerebral cortex. This is the first report of Pax3 expression in BSG specifically, although
it has been shown that Pax3 expression in glioblastoma increases with WHO grade of the
malignancy [97], and that it has pro-tumorigenic functions in glioma cell lines and
xenografts [98]. Aside from brain tumors, Pax3 is re-expressed in a number of neural
crest-derived

malignancies,

such

as

melanoma,

rhabdomyosarcoma

(RMS),

neuroblastoma, and Ewing’s sarcoma [71, 73]. Functionally, Pax3 has been implicated as
being necessary for the survival and proliferation of several types of cancer cells—
including melanoma [91-93], RMS [94, 95], and neuroblastoma [96]. Mechanistically,
this has been attributed in some instances to the Pax3-induced inhibition of p53dependent apoptosis [87, 88], although there are most likely other unidentified
mechanisms involved as well. Investigation into the function of Pax3 in in vivo tumor
models is currently lacking.
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As a result of the role that Pax3 plays in other types of cancer, we hypothesized
that Pax3 plays an important functional role in brainstem gliomagenesis as well. In order
to test this hypothesis, Pax3 was overexpressed in brainstem progenitors in vitro and in
vivo, as well as knocked-out of an in vivo BSG transgenic mouse model. We sought to
investigate whether ectopic expression or deletion of Pax3 altered proliferation,
apoptosis, or gliomagenesis in brainstem progenitors, either alone or in the context of
enhanced PDGF signaling, a common alteration found in PAX3-High human tumors.
Importantly, we also were interested in whether the functions of Pax3 in brainstem
gliomagenesis were region-specific and therefore tested the effects of ectopic Pax3
expression in the cerebral cortex of mice. These studies provided us with important
insights into the function of regional Pax3 expression in glioma.

3.2 Results
3.2.1 Pax3 inhibits apoptosis of brainstem progenitor cells
To investigate the functional role of Pax3 in brainstem progenitor cells, the
brainstem region (including the midbrain and pons) from P3 Ntv-a mice was isolated,
dissociated, and cultured in vitro. The Nestin-expressing progenitor cells were infected
with RCAS-Y, RCAS-Pax3, RCAS-PDGF-B, or a 1:1 combination of RCAS-Pax3 and
RCAS-PDGF-B (Figure 11A-B). RCAS-Pax3 alone, or in combination with PDGF-B,
did not directly increase proliferation of brainstem progenitors based on BrdU
incorporation (Figure 12A). However, Pax3 inhibited basal apoptosis as evidenced by a
decrease in caspase 3/7 activation (Figure 12B). Similarly, Pax3 overexpression reduced
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the percentage of cells staining positive for Annexin V, a marker for early apoptosis,
when compared to RCAS-Y-infected cells (Figure 12C).
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Figure 11. Infection of brainstem progenitors with RCAS viruses.
Normal brainstem progenitors isolated from P3 Ntv-a mice were infected with RCAS-Y,
RCAS-Pax3, RCAS-PDGF-B, or RCAS-Pax3+RCAS-PDGF-B, and mRNA from
infected cells was isolated. A RT-PCR for PDGF-B expression. PCR primers for PDGFB amplify endogenous mouse PDGF-B as well as the human RCAS-PDGF-B. B qRTPCR for Pax3, normalized to Actin. Levels for Pax3-infected cells are expressed relative
to RCAS-Y-infected cells, p=0.007, paired t-test; levels for PDGF-B+Pax3-infected cells
are expressed relative to PDGF-B-infected cells, p=0.03, paired t-test. Figure originally
published in [102].
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Figure 12. In vitro effects of Pax3 on proliferation and apoptosis.
A BrdU incorporation of normal brainstem progenitors from Ntv-a P3 mice infected with
the RCAS viruses as indicated below the graph (RCAS-Y vector was used to control for
the total amount of virus). Data is represented as fold-change over RCAS-Y. B Caspase
3/7 activation of Pax3-infected cells is normalized to that of RCAS-Y-infected cells,
while caspase 3/7 activation of PDGF-B+Pax3-infected cells is normalized to that of
PDGF-B-infected cells. p=0.03, RCAS-Y vs. RCAS-Pax3; p=0.02, RCAS-PDGF-B vs.
RCAS-PDGF-B+RCAS-Pax3, paired t-test. C Annexin V staining of RCAS-Pax3versus RCAS-Y-infected progenitor cells. The percentage of Pax3-infected cells that
were AnnexinV+/PI- was normalized to the percentage of RCAS-Y-infected cells that
were AnnexinV+/PI-. p=0.005, paired t-test. Figure originally published in [102].

3.2.2 Pax3 enhances PDGF-B-induced brainstem gliomagenesis in vivo
In order to determine if Pax3-induced inhibition of apoptosis is sufficient to
induce glioma in vivo, P3 Ntv-a mice were injected in the brainstem with RCAS-Pax3,
RCAS-PDGF-B, or a 1:1 mixture of both viruses. While PDGF-B overexpression alone
led to asymptomatic low-grade glioma in 5 out of 20 mice, Pax3 overexpression alone
did not lead to tumor formation (Figure 13 and 14). When compared to PDGF-B
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injection alone, the addition of Pax3 to PDGF-B significantly reduced survival (Figure
13A) and increased tumor penetrance to 20 out of 25 mice (p=0.0003, Figure 13B).
Importantly, addition of Pax3 to PDGF-B overexpression caused a subset of tumors to
progress to high-grade glioma based on the presence of microvascular proliferation (0/5
PDGF-B versus 5/20 PDGF-B+Pax3 high-grade, p=0.056, Figure 13 and 14). The
Pax3-induced high-grade gliomas had increased proliferation compared to the low-grade
tumors induced by PDGF-B alone based on PCNA staining (Figure 14B). The protumorigenic role of Pax3 in glioma is brainstem-specific, as co-injection into the cerebral
cortex of both PDGF-B and Pax3 did not significantly reduce survival or increase tumor
penetrance (p=1.0) or grade (p=1.0) compared to injection of PDGF-B alone (Figure 15).
Therefore, in the presence of enhanced PDGF-B signaling, Pax3 is sufficient to generate
aggressive high-grade BSG, a feat that PDGF-B alone cannot achieve in the brainstem.
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Figure 13. Pax3 enhances PDGF-B-induced brainstem gliomagenesis.
A Kaplain-Meier survival curve of Ntv-a mice injected with DF1 cells expressing RCASPax3, RCAS-PDGF-B, or RCAS-PDGF-B+RCAS-Pax3. B Mice from (A) were
sacrificed at the onset of tumor symptoms or at 12 weeks in the absence of symptoms.
Brains were harvested, fixed in formalin, and analyzed for the presence of tumors using
hematoxylin and eosin (H&E) staining, and the tumors graded as described in Materials
and Methods. Shown is the percentage of mice in each group with no tumor, grade II
glioma, and grade III glioma. Figure originally published in [102].
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Figure 14. Pax3-induced Brainstem Glioma.
Representative H&E staining (A) and immunohistochemsitry for proliferating cell
nuclear antigen, PCNA (B) of normal brainstem (top row), PDGF-B-induced grade II
BSG (middle row), and PDGF-B+Pax3-induced grade III BSG (bottom row) from
Figure 10. A Magnification is 10x in the left panels and 40x in the right panels. White
arrow in lower-left panel indicates microvascular proliferation, which is enlarged in the
40x panel to its right. Scale bar for 10x is 100 µM, 40x is 25 µM B 40x magnification;
Scale bar is 25 µM. Figure originally published in [102].
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Days Post Injection

Ntv-a mice were injected into the cerebral cortex with DF1 cells expressing RCAS-Pax3,
RCAS-PDGF-B, or RCAS-PDGF-B+RCAS-Pax3 on P2-4, and monitored for signs and
symptoms of brain tumors. A Kaplain-Meier survival curve; p=0.5, PDGF-B vs. PDGFB+Pax3. B Mice from the experiment in (A) were sacrificed at the onset of tumor
symptoms, or at 12 weeks in the absence of symptoms, and the brains of all mice were
analyzed for the presence of glioma using hematoxylin and eosin (H&E) staining, and
their tumors graded as described in Materials and Methods. Shown is the percentage of
mice in each group with no tumor, grade II, III, and IV glioma. Figure originally
published in [102].

3.2.3 Pax3 promotes proliferation and gliomagenesis in the brainstem
independent of p53
As the majority of human BSG are p53-deficient, we investigated the role of Pax3
in our BSG mouse model in the absence of this tumor suppressor. Brainstem progenitor
cells were isolated from P3 Ntv-a;p53fl/fl mice as described above, and infected with
RCAS-Cre to knock-out p53 along with either RCAS-Y or RCAS-Pax3. In the absence
of p53, Pax3 overexpression no longer inhibited caspase 3/7 activation (Figure 16A).
However, in these p53-deficient progenitor cells, Pax3 overexpression did lead to a
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significant increase in cell proliferation, indicated by BrdU incorporation (Figure 16B)
and cell counting (Figure 16C-D).
In order to test whether Pax3 is functionally required for the initiation or
progression of p53-deficient BSG in vivo, we crossed conditional Pax3 knockout mice
[118] into our p53-deficient BSG model [40].

Neonatal Ntv-a;p53fl/fl;Pax3fl/fl mice

(Pax3-KO) and Ntv-a;p53fl/fl;Pax3+/+ mice (Control), were injected with RCAS-PDGF-B
and RCAS-Cre. Although both groups of mice succumbed to high-grade BSG, the Pax3KO mice displayed a significant 33% increase in survival (median survival 38 days
versus 28.5 days, p=0.0007, Figure 17). Recombination of the Pax3-floxed allele was
confirmed via PCR of gDNA and loss of PAX3 protein expression was confirmed via
Western blot in Pax3-KO tumors (Figure 18A-B). The increased survival of Pax3-KO
mice suggests that Pax3 functionally contributes to brainstem gliomagenesis, although it
is ultimately not required as tumors can quickly evade the loss of Pax3.
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Figure 16. Pax3 promotes proliferation in vitro in the absence of p53.
Brainstem progenitor cells from P3 Ntv-a;p53fl/fl mice were cultured in vitro, infected
with the indicated RCAS viruses, and assayed for (A) Caspase 3/7 activity at 72 hours
after plating, normalized to Cre+RCAS-Y, (B) BrdU incorporation at 72 hours after
plating, normalized to Cre+RCAS-Y, and (C-D) cell number at the indicated time points
after plating. C One representative experiment conducted in one progenitor line. D The
fold change in Cre+Pax3 cells over Cre+RCAS-Y cells at each time point compiled from
multiple progenitor lines. Figure originally published in [102].
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Figure 17. Pax3 promotes brainstem gliomagenesis in vivo independent of p53.
Kaplan-Meier survival curve of Ntv-a;p53fl/fl mice (Control) and Ntv-a;p53fl/fl;Pax3fl/fl
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Figure originally published in [102].
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Figure 18. Deletion of Pax3 in p53-deficient Brainstem Glioma.
Ntv-a;p53fl/fl mice (Control) and Ntv-a;p53fl/fl;Pax3fl/fl mice (Pax3-KO) were injected
with RCAS-PDGF-B+RCAS-Cre into the brainstem at P2-4. Representative Control and
Pax3-KO tumors were analyzed for recombination of the Pax3-floxed allele by PCR of
gDNA (A) and for PAX3 protein expression by Western blot (B). Figure originally
published in [102].

3.3 Discussion
We have found Pax3 to be a regional marker in glioma—it is expressed at higher
levels in gliomas arising in the brainstem of mice and humans when compared directly to
those in the cerebral cortex. In addition, we believe high Pax3 expression to characterize
a subset of 40% of human BSG, constituting a subset of the PDGFRα/oligodendroglial
group, the majority of which harbor TP53 alterations and the H3.3-K27M mutation, and
none of which harbor ACVR1, PPM1D, or H3.1-K27M mutations. While we believe the
expression of this transcription factor can help to characterize a subset of BSG, it is also
known to play oncogenic roles in other types of human malignancies, which led us to
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hypothesize that Pax3 has pro-tumorigenic functions in BSG as well. Uncovering the
function of Pax3 in BSG might reveal insights into the biology of these deadly tumors.
Initial investigation into the function of Pax3 in the brainstem revealed that
ectopically expressed Pax3 is not oncogenic in the absence of any other genetic
alterations. In vitro, Pax3 overexpression does not directly induce the proliferation of
normal brainstem progenitor cells, although it does inhibit basal apoptosis, similar to
what is seen in other types of cancer cells [91, 92, 94, 96, 98]. Pax3-induced inhibition of
apoptosis in brainstem progenitors seems to be p53-dependent, as deletion of p53
abolished this effect. Pax3 has a well-established role in the inhibition of p53-mediated
apoptosis, via post-transcriptional mechanisms [87, 88]. In addition, inhibition of Pax3
with siRNA in p53-proficient melanoma cells led to an increase in p53 protein (but not
mRNA) concomitant with an induction in apoptosis [91].
Despite the established p53-dependent mechanism by which Pax3 inhibits
apoptosis, there are potentially p53-independent mechanisms as well by which Pax3
promotes the survival of tumor cells. Treatment with Pax3 siRNA induced apoptosis in
rhabdomyosarcoma cells via induction of BCL-xL mRNA [119] and promoted apoptosis
in p53-mutant melanoma cells [91].

As shown here, Pax3 significantly increased

proliferation and survival in p53-deficient brainstem progenitors, although an effect on
apoptosis was not observed. This observation may explain how deletion of Pax3 in p53deficient BSG delays gliomagenesis in vivo. Pax3 promoted proliferation and inhibited
apoptosis in p53-wildtype glioblastoma cell lines, the latter potentially through inhibition
of JNK phosphorylation, however the involvement of p53 was not tested in this study
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[98]. Collectively, these observations suggest that there are several mechanisms whereby
Pax3 can support tumor cell survival, either through inhibition of apoptosis (p53dependent or –independent) or by promoting proliferation. It should be noted that the in
vitro experiments described here were conducted in the presence of serum, which induces
differentiation. As Pax3 function is most likely dependent upon differentiation status,
studying the effects of Pax3 in the context of stem cell conditions should be a focus of
future research.
Despite the anti-apoptotic function of Pax3 in vitro, it is not directly tumorigenic
in vivo when overexpressed in Nestin progenitor cells, consistent with previous literature
suggesting a lack of evidence to support an overt oncogenic role for Pax3 [71]. There
have been isolated observations that Pax3 overexpression alone can induce sarcoma-like
lesions in subcutaneous xenograft mouse models [120, 121], suggesting that it may have
greater oncogenic potential in sarcoma. Alternatively, there could be differences between
orthotopic xenograft and transgenic mouse models of cancer to explain the apparent
differential effects of ectopic Pax3 expression.
As

high

Pax3

expression

in

human

BSG

is

associated

with

the

PDGFRα/Oligodendroglial subgroup, we tested the function of Pax3 in the context of
enhanced PDGF signaling in our transgenic mouse model. When combined with the proproliferative effects of increased PDGF signaling, ectopic Pax3 had similar in vitro
effects as Pax3 alone. However in vivo, Pax3 enhanced PDGF-B-induced gliomagenesis,
reducing survival, increasing tumor frequency, and promoting progression to a highgrade malignancy. Although we are unable to determine the percentage of tumor cells
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expressing both ectopic PDGF-B and Pax3 in this model, the survival advantage
associated with both seen here suggests that the tumorigenesis process would select for
doubly infected cells. In addition, loss of Pax3 function delayed PDGF-B-induced p53deficient brainstem gliomagensis. These data suggest that Pax3 can cooperate with
additional oncogenic hits such as PDGF signaling and/or p53 loss to promote glioma
formation, in agreement with the pro-gliomagenic effects of Pax3 in subcutaneous
xenograft models of glioblastoma using established cell lines presumably already
carrying significant genetic/genomic alterations [98].
The Pax3-induced increase in BSG frequency in our mouse model suggests that
Pax3 promotes the initiation of tumorigenesis in Nestin-expressing progenitor cells,
which may be consistent with reports of Pax3 expression increasing the frequency of
sarcoma incidence in mice [120, 121]. The increase in high-grade malignancies induced
by Pax3 suggests that it also plays a role in tumor maintenance, which could be driven by
its inhibition of apoptosis or promotion of proliferation. The observation that high Pax3
expressing tumors commonly harbor p53 alterations in humans suggests that the proproliferative role of Pax3 may be more relevant in the human disease. It is possible that
the effects of Pax3 afford developing tumor cells increased survival time which allows
for additional oncogenic hits and a progression to higher grade malignancy. Although
Pax3 expression levels were correlatively associated with increased grade of human
glioma in a previous study [97], herein is the first report of Pax3’s ability to directly
increase the grade of glioma formation in an in vivo tumor model.
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Collectively, our functional data suggest that Pax3 is able to promote the initiation
as well as the progression of brainstem gliomagenesis when combined with other genetic
alterations.

As Pax3 has been found expressed in cerebral cortex glioma [97],

infratentorial low-grade glioma [67], as well as high grade BSG as shown here, it appears
that Pax3 is expressed in glioma (albeit at different levels) regardless of the tumor grade
or location, and may play a functional role in all scenarios dependent on the context of
additional genetic alterations. We find here that Pax3 increases the frequency of both
low- and high-grade BSG in the context of PDGF signaling, supporting its role as an
oncogene in both low- and high-grade brainstem lesions. Although results herein show a
lack of Pax3 upregulation and function in cerebral cortex gliomas of mice, suggesting
that its oncogenic effects are specific to the brainstem, Chen et al. showed that Pax3
levels correlate with increasing WHO grade of supratentorial gliomas [97] and
subsequently Xia et al. showed that Pax3 functionally promotes survival of GBM cell
lines and xenografts originally isolated from supratentorial tumors [98]. Based on our
direct comparison between BSG and CG, we would expect the levels of Pax3 expression
in these supratentorial gliomas to be lower than in BSG. The functional discrepancies
could be explained by varying contexts of genetic alterations, differences between mouse
and human tumor biology, an inhibitory effect on Pax3 expression or function of the
cerebral cortex stroma in mice, or an insufficient cohort size in the cerebral cortex
experiments shown here. Additional experimentation on the effects of overexpression or
loss-of-function of Pax3 in cerebral cortex gliomagenesis in vitro and in vivo will help to
clarify these issues.
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In conclusion, based on the data reviewed and presented here, it is likely that the
effects of Pax3 on the oncogenic process are highly tissue- and context-dependent. It is
clear that although Pax3 expression normally decreases with differentiation, its continued
expression in some types of cancer is associated with pro-tumorigenic functions such as
survival and proliferation.

Although progress has been made in deciphering the

mechanism of Pax3 function, the details remain elusive and seem to vary depending on
the cancer type as well as the other genetic alterations present in the tumor cells. In the
case of BSG, we have uncovered a novel role for Pax3 expression in these tumors, of
both mouse and human origin, differentiating this type of malignancy from its
counterpart in the cerebral cortex. As more research is completed investigating these rare
and deadly tumors, the identification of Pax3 as a marker of a subset of BSG will
contribute to the advancement of this field. In addition, further understanding of the
mechanisms upstream and downstream of Pax3 supporting gliomagenesis may lead to the
identification of novel therapeutic approaches.

3.4 Materials and Methods
3.4.1 Mice
Nestin-Tva (Ntv-a) [41] and Ntv-a;p53fl/fl mice [40] have been described. Pax3floxed mice [118] were bred to Ntv-a;p53fl/fl mice to generate Ntv-a;p53fl/fl;Pax3fl/fl
(Pax3-KO) and control Ntv-a;p53fl/fl;Pax3+/+ mice. For genotyping, gDNA was isolated
from mice using the REDExtract-N-Amp Tissue PCR Kit (Sigma) per the manufacturer’s
protocol, using previously published primers.
67

All work with mice was done in

accordance with the Duke University Animal Care and Use Committee and the Guide for
the Care and Use of Laboratory Animals.

3.4.2 RCAS/Tv-a Glioma Mouse Modeling
In the RCAS/Tv-a glioma mouse modeling system, avian retroviruses (produced
from RCAS plasmids) infect mouse cells expressing Tv-a (the receptor for RCAS
viruses). DF1 cells (ATCC) were cultured and transfected with RCAS plasmids as
described [40] using Fugene 6 or X-TremeGENE 9 (Roche). RCAS-Y, RCAS-PDGF-B,
and RCAS-Cre plasmids are described [112]. RCAS-Pax3 plasmid was obtained from
Andrew Bendall (University of Guelph, Ontario) [113]. Generation of PDGF-B-induced
brainstem glioma [40, 41] and cerebral cortex glioma [103] were as described. Briefly,
1x105 DF1 cells transfected with RCAS plasmids and producing RCAS viruses, were
injected into the brainstem or cerebral cortex of neonatal Ntv-a pups (postnatal day 2-4)
in 1µL volume using a custom Hamilton syringe. Combinations of viruses were injected
at a 1:1 ratio, and RCAS-Y transfected DF1 cells were used as a negative control.
Injected mice were monitored daily and euthanized with CO2 upon appearance of signs of
brain tumors (enlarged head, ataxia, weight loss up to 25%) or at 12 weeks post-injection
in the absence of symptoms.

3.4.3 In Vitro Infection of Brainstem Progenitors with RCAS Viruses
Normal brainstem was isolated from Ntv-a or Ntva;p53fl/fl postnatal day 3 (P3)
pups and was digested and dissociated as described in Chapter 2 for Olig2-eGFP-L10a
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tumors. Cells were cultured in DMEM supplemented with 10% FBS, 2mM L-glutamine,
100 units/mL penicillin and 100mg/mL streptomycin at 37°C and 5% CO2, and passaged
a maximum of 3 times for experiments. Cells were plated in clear 6-well plates for
Annexin V assays, clear 96-well plates for BrdU assays, and white-walled, clearbottomed 96-well plates for Caspase 3/7 assays.
To concentrate RCAS viruses, DF1 cells transfected with RCAS plasmids were
passaged a minimum of 6 times from transfection, and then passaged 1:12. After 3 days,
virus-containing media was harvested, centrifuged to remove cell debris, filtered through
0.45µm pores, and concentrated 100-fold using Retro-X Concentrator (Clontech) per the
manufacturer’s instructions.
Brainstem progenitors were plated and infected with RCAS viruses at 1:100.
Assays were conducted 3-5 days post-infection, or were split when confluent and
subsequently plated for assays. For BrdU assays, the Cell Proliferation ELISA, BrdU
Colorimetric kit (Roche) was utilized, per the manufacturer’s instructions using a
Molecular Devices Versa Max Tunable Microplate reader. Caspase 3/7 activity was
measured using the ApoToxGlo Triplex assay (Promega) per the manufacturer’s
instructions using a Turner Biosystems Modulus Microplate Reader. To measure the
percentage of cells staining positive for Annexin V, the FITC Annexin V Apoptosis
Detection Kit I (BD Pharmingen) was utilized per the manufacturer’s instructions. For
cell counting experiments, 50,000 infected cells were plated in 6 well plates in duplicate.
For each time point, 2 wells of each line were trypsinized and counted with a Sceptor 2.0
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Cell Counter (Millipore). All experiments were done a minimum of three times on three
independent preparations of progenitor cells.

3.4.4 Tumor Grading and Immunohistochemistry
Tumor samples fixed in 10% formalin were embedded in paraffin by the Duke
Pathology Core and cut into 5 µm thick sections using a Leica RM2235 microtome.
H&E staining was performed using standard protocols. Tumor grading was done using
the following criteria: Grade II glioma indicated by increased cellular density only;
Grade III glioma indicated by the presence of microvascular proliferation; Grade IV
glioma indicated by the presence of pseudopalisading necrosis. Immunohistochemistry
(IHC) was performed using an automated processor (Discovery XT, Ventana Medical
Systems, Inc.). Anti-PCNA antibody (Calbiochem) was used at 1:2000.

3.4.5 PCR
DNA was isolated from frozen tumors using the DNeasy Blood and Tissue Kit
(Qiagen) per the manufacturer’s instructions. Detection of the recombined Pax3-floxed
allele was performed using previously published primers [118] and 60°C annealing
temperature. For RT-PCR (both conventional and real time), cultured cells or snap
frozen tumors were processed for mRNA isolation using the RNeasy Mini kit (QIAGEN)
per the manufacturer’s protocol.

cDNA was synthesized from total mRNA using

SuperScript II and OligodT primer (Invitrogen). RT-PCR primers for PDGF-B are in
Table 4. PDGF-B primers amplify both mouse and human PDGF-B cDNA. qRT-PCR
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reactions were set up with iQ SYBR Green Supermix (BioRad) and run on a Bio-Rad iQ5
Multicolor Real-Time PCR Detection System. Primers for Pax3 and Actin are in Table
4. Relative gene expression levels were generated using the ΔΔCt method [117] using
Actin as the reference gene.

3.4.6 Western Blot
Frozen tumors were either grinded with a mortar and pestle on liquid nitrogen
followed by lysis in RIPA buffer containing 1x Protease Inhibitor Cocktail (Sigma
Aldrich), 10mM PMSF, 50mM NaF, 1mM NaVO4, and 1mM DTT or lysed and
homogenized in the same buffer using a Glas-Col Variable Speed-Reversible
Homogenizer set to a motor speed of 80 followed by sonication using a Brason Sonifier
250. Cleared and denatured lysates were run on a NuPAGE 4-12% Bis-Tris gradient gel
(Invitrogen), and transferred onto nitrocellulose membrane using the iBlot (Invitrogen).
Antibodies were diluted in Odyssey Blocking Buffer (Li-Cor) with 0.2% Tween-20.
Blots were imaged using the Odyssey (Li-Cor) per the manufacturer’s instructions.
Antibodies used were: anti-PAX3 (DSHB, concentrated form, 1:1000) and anti-ACTIN
(Santa Cruz Biotechnology, 1:500). Secondary antibodies from Li-Cor were used at
1:10,000 for IRDye800CW or 1:20,000 for IRDye680LT.

3.4.7 Statistical Analysis
Statistics were calculated using GraphPad Prism 5 software. In vitro assays were
performed a minimum of 3 times using cells from at least 3 independent P3 litters. Data
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are represented as the mean with SEM, using student’s paired t-test. qRT-PCR for Pax3
in mouse tissue was analyzed using student’s unpaired t-test. In vivo analyses were
performed using log-rank test (for survival) and Fisher’s exact test (for tumor penetrance
and grade). For analyses of human data, unpaired t-test was used for the age at diagnosis
of PAX3-Low versus PAX3-High tumors, and Fisher’s exact test was used to test for
significance of the association between high Pax3 expression and genetic alterations.
*=p≤0.05, **=p≤0.01, ***=p≤0.001, ****=p≤0.0001.
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4. Pax3 and the Wnt Pathway in Brainstem Glioma

4.1 Introduction
High Pax3 expression characterizes a subset of human BSG. Ultimately, our hope
is that this finding would inform clinicians on how best to treat this subset of patients,
and therefore we aim to understand the biological basis for gliomagenesis in these Pax3expressing tumors.

To that end, we have determined that Pax3 does functionally

contribute to the brainstem gliomagenesis process by inhibiting apoptosis and promoting
proliferation. Therefore, the next logical step would be to determine whether inhibiting
Pax3 in an established tumor is a viable therapeutic option.

However, Pax3 is a

transcription factor, which is a difficult type of protein to inhibit with pharmacologic
agents, and therefore there are no Pax3 inhibitors currently available. As a result, we
investigated whether Pax3 expression in BSG might serve as a biomarker for signaling
pathways that have been previously targeted successfully using small molecular
inhibitors, and subsequently uncovered a link between Pax3 expression and the Wnt
pathway in the brainstem.
The Wnt pathway is one of the most well studied developmental signaling
pathways, playing important roles in normal development and disease processes
including cancer.

The term Wnt describes a large family of cysteine-rich secreted

proteins that have the ability to bind receptors and induce three different signaling
pathways: the canonical Wnt/β-catenin cascade, the non-canonical planar cell polarity
pathway, and the Wnt/Ca2+ pathway [122]. In the canonical pathway, which is the best
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understood of the three, Wnt ligand binds to Frizzled-LRP coreceptors which initiates the
signaling cascade. In the absence of Wnt ligand, β-catenin is bound in the cytoplasm by
the destruction complex, a protein complex consisting of Axin, GSK3β, CK1, and APC,
which targets β-catenin for proteasomal degredation. Simultaneously in the nucleus,
Groucho binds to TCF and inhibits the transcription of Wnt target genes. The binding of
Wnt to Frizzled receptors induces phosphorylation of both Dsh and LRP proteins, which
recruits Axin to the cell membrane, dismantling the destruction complex. β-catenin is
then stabilized and allowed to translocate to the nucleus where it displaces Groucho and
binds to TCF/Lef to promote transcription of Wnt target genes, including Axin2, SP5,
cMyc, and Cyclin D1 [122].
Activation of the canonical Wnt pathway leads to changes in gene expression that
promote cell survival, proliferation, and fate, in many different tissue types [123]. In the
context of the developing central nervous system (CNS), Wnt is known to be not only a
mitogen for developing neural tissue, but also to play a role in the specification of neural
progenitor identity and patterning of the dorsal/ventral axis of the embryonic neural tube
[124].

Wnt ligand is secreted from the roof plate, and exerts its effects on the

surrounding dorsal neural tube [124].

The inhibition of the Wnt pathway in chick

embryos led to the expansion of ventral markers into the dorsal neural tube [125], while
ectopic activation of Wnt signaling in the ventral neural tube of the mouse embryo
induced a dorsal cell fate [126], showing that Wnt signaling promotes a dorsal cell
identity while inhibiting a ventral one. The opposing activities of Wnt and Shh ligands
(the latter being a ventralizing signal emanating from the floor plate and notochord on the
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ventral side of the neural tube) at least partially dictate the dorsal/ventral pattern of the
neural tube, and expression of genes characteristic of these opposing cell fates [124].
One such dorsally-restricted gene expressed in the embryonic neural tube is Pax3
[77], and there is evidence in the literature that canonical Wnt signaling can directly
induce its expression. Wnt signaling has been shown to directly increase Pax3 expression
in xenopus, chick, and zebrafish neural plate or neural crest explants [75, 81, 127, 128],
specifically in the lateral neural plate which, after neural plate folding, forms the dorsal
neural tube. Additionally, Wnt1, 3a, 4, and 6 also induce Pax3 expression in mouse
presomitic mesoderm explants [129], while Wnt3a was shown to promote Pax3
expression in P19 mouse embryocarcinoma cells [130].
In addition to playing a role in normal development, the canonical Wnt pathway is
aberrantly activated in many types of cancers where it mainly plays a pro-tumorigenic
role.

The tumor suppressor APC is the most commonly mutated gene in cancer,

primarily affecting the majority of colorectal cancer cases, while Axin2 and β-catenin can
be mutated in hepatocellular carcinoma and medulloblastoma leading to pathway
activation as well [131]. Although human gliomas typically do not harbor activating
mutations in components of the Wnt pathway, many pathway members have been shown
to promote the migration, invasion, and proliferation of glioma cells, as well as the selfrenewal of glioma stem cells [132]. In particular, FoxM1 positively regulates nuclear
localization of β-Catenin to promote gliomagenesis, suggesting a novel mechanism for
pathway activation in these tumors [132, 133]. With its aberrant activation found in
many types of human cancer comes the possibility that inhibiting the Wnt pathway may
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hold therapeutic benefit, and much work has been done exploring the effects of Wnt
inhibitors in cancer [134].
As Pax3 is a downstream target of canonical Wnt signaling during embryonic
development, it is possible that this is also the case in some cancer cells, however this has
not been directly tested. Its expression in medulloblastoma is limited to the classic
subtype, characterized by Wnt signaling, and excluded from the desmoplastic variant,
characterized by Shh signaling [65, 135], consistent with its regulation in embryonic
development by these two signaling pathways and supporting a connection between Wnt
and Pax3 in cancer.

Whether a connection between Pax3 expression and the Wnt

pathway exists in the brainstem has yet to be investigated, and is the focus of this chapter.

4.2 Results
4.2.1 The Wnt pathway is active in Pax3-High human and mouse Brainstem
Glioma
As Pax3 expression in the dorsal neural tube is largely controlled by signals such
as Wnt [75, 81], we analyzed the human BSG gene expression profiles referenced in
Chapter 2 for evidence of Wnt pathway activity as a function of Pax3 expression. We
discovered that expression of AXIN2 mRNA significantly correlates with PAX3
expression in the St. Jude samples (Pearson r=0.53, p=0.003, Figure 19A).

This

correlation is similar in the Necker-Sick Children samples, and is close to reaching
statistical significance (Pearson r=0.4, p=0.05, Figure 19B).

In addition, DKK3

expression significantly correlates with Pax3 in both datasets (Pearson r=0.4, p=0.04,
Figure 19C; Pearson r=0.6, p=0.001, Figure 19D). Several other Wnt pathway-related
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genes are significantly correlated with PAX3 in either one or both data sets, including
TCF7 (Pearson r=0.4, p=0.04, Figure 19E). We therefore investigated whether Wnt
pathway activity could be detected in post-mortem human BSG formalin-fixed paraffin
embedded sections by conducting IHC for β-Catenin and DKK1, the latter being an
established marker for Wnt pathway activation in medulloblastoma [65]. Among 16
samples, 12 show increased cytoplasmic β-Catenin staining (75%), 2 show nuclear βCatenin (12.5%), and 9 show positive DKK1 staining (56.25%), with 7 showing
positivity for both markers (44%) (Figure 20, Table 5).
These data suggest that a subset of human BSG (particularly the PAX3-High
subset) may harbor Wnt pathway activity. We hypothesized that our PDGF-B-driven
BSG mouse model would also have Wnt pathway activation. In support of this, we see
upregulation in these tumors of the genes Wnt7b and Wls by expression array (Figure
21). In addition, we observe increased expression of Tcf3, Tcf4, Ctnnb1 and Foxm1
mRNA by expression array (Figure 21), increased activated β-Catenin by Western blot
(Figure 22A), and overexpression of total β-Catenin (cytoplasmic with a subset nuclear)
by IHC (Figure 22B). Therefore, Wnt pathway activity characterizes our mouse PDGFB induced PAX3-High BSG mouse model.
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Figure 19. Pax3 expression correlates with Wnt pathway genes in human BSG.
Correlation of PAX3 with AXIN2 expression (A-B), DKK3 expression (C-D), or TCF7
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Table 5. Immunohistochemistry for Wnt pathway markers in human BSG.
Tumor

Cytoplasmic
β-Catenin

Nuclear
β-Catenin

DKK1

Cytoplasmic
β-Catenina

Nuclear
β-Catenina

DKK1a

BSG1

Diffuse 0.1-1%

None

Diffuse 70-80%

+

-

++++

BSG2

Focal 10-20%

None

Negative

+

-

-

BSG3

Negative

Focal 10%

-

-

+

BSG4

Multifocal 70%

Multifocal 70%

+++

+++

+++

BSG5

Negative

None
Multifocal
70%
None

Focal 80%

-

-

++++

BSG6

Diffuse 20%

None

Negative

+

-

-

BSG7

Focal 30%

None

Focal 80%

++

-

++++

BSG8

Focal 10%

None

Negative

+

-

-

BSG9

Diffuse 90%

None

Negative

++++

-

-

BSG10

Focal 50%

Focal 50%

Diffuse 1%

++

++

+

BSG11

Negative

None

Negative

-

-

-

BSG12

Multifocal 3040%

None

Diffuse 1%;
Focal 10%

++

-

+

BSG13

Diffuse 0.1-1%
Focal 20-30%

None

Diffuse 50%

++

-

++

BSG14

Focal 80%

None

Multifocal 10%

++++

-

+

BSG15

Diffuse 20%

None

Negative

+

-

-

BSG16

Negative

None

Negative

-

-

-

12/16

2/16

9/11

b

Total :
a

+=0.1-25%; ++=26-50%; +++=51-75%; ++++76-100%
Total Positive: samples with positive staining > 0.

b
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Figure 21. Wnt pathway genes are upregulated in mouse BSG.
Log expression level of Wnt pathway genes in mouse normal brainstem (NBS) and
Brainstem Glioma (BSG) samples from the expression array described in Fig. 4. See
Chapter 2 Materials and Methods for experimental details.
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Figure 22. Beta-Catenin expression in mouse PDGF-B-induced BSG.
A Western blot for PAX3 (53kDa), Activated β-Catenin (92kDa) and total β-Catenin
(92kDa) in mouse PDGF-B;Ink4aARF-/- BSG and Normal Brainstem (NBS, from adult
age-matched mice of the same genetic background). ACTIN (43kDa) is shown as a
loading control. B IHC for β-Catenin in mouse PDGF-B;Ink4a-ARF-/- BSG, 40x
magnification, scale bar is 25 µM.

4.2.2 Wnt regulates Pax3 in brainstem progenitors
Analysis of human and mouse PAX3-High BSG indicates Wnt pathway activation
in these tumors. To investigate the relationship between Wnt signaling and Pax3 in the
brainstem, primary P3 mouse brainstem progenitor cells were treated in vitro with Wnt3a
conditioned media for three days.

Activation of Wnt signaling, as evidenced by
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increased Axin2 mRNA expression, promoted a significant 2.0-fold increase in Pax3
mRNA (Figure 23A). Conversely, inhibition of Wnt signaling with the Wnt inhibitors
Niclosamide, Pyrvinium, and XAV-939 significantly inhibited Pax3 mRNA concurrent
with an inhibition of Axin2, in a dose-dependent manner (Figure 23B-C).
As Wnt signaling positively regulates Pax3 expression in brainstem progenitors
and correlates with PAX3 expression levels in human BSG tissue, we postulated that Wnt
signaling would also regulate Pax3 levels in BSG cells in vitro. However, in BSG cells
derived from mouse PDGF-B;Ink4a-ARF- or PDGF-B;p53-deficient tumors, canonical
Wnt signaling did not consistently modulate Pax3 expression levels, as only one out of 6
tumor lines tested showed upregulation of Pax3 in response to Wnt3a treatment (Figure
24A-C), and no tumor lines showed a reduction in Pax3 levels in response to Wnt
inhibition (Figure 24D-E).
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Figure 23. Pax3 is a canonical Wnt target gene in brainstem progenitors.
qRT-PCR of Brainstem Progenitors treated with (A) Control (Ctrl) or Wnt3a conditioned
media for 3 days, (B) Wnt3A conditioned media for 24 hours prior to vehicle (veh) or the
Wnt inhibitors Pyrvinium (Pyrv., 1 µM) or Niclosamide (Nic., 2 µM) for 24 hours, and
(C) Wnt3a conditioned media for 24 hours prior to vehicle or XAV-939 for 48 hours.
Pax3 and Axin2 expression normalized to Actin are shown relative to control or vehicle.
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Figure 24. Pax3 is not consistently a Wnt target gene in Brainstem Glioma cells.
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4.2.3 Brainstem Glioma cells are sensitive to a subset of Wnt inhibitors
Regardless of the inconsistent mechanistic link in vitro between Wnt signaling
and Pax3 in BSG cells, the human and mouse data still suggest that the Wnt pathway is
active in at least a subset of these tumors. Therefore, we speculated that Pax-High BSG
might depend on Wnt signaling for survival or proliferation. Indeed, the Wnt inhibitors
Niclosamide and Pyrvinium effectively inhibited BrdU incorporation in Ink4a-ARF- and
p53-deficient BSG cells with IC50s of 1.0 µM and 0.5 µM, respectively (Figure 25). In
contrast, however, the Wnt inhibitor XAV-939 did not show any efficacy in BSG cells at

Fraction BrdU Incorporation

doses up to 20 µM (Figure 25).
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Figure 25. Wnt inhibitors Niclosamide and Pyrvinium inhibit Brainstem
Glioma cell proliferation.
BrdU incorporation of mouse BSG cells treated with the Wnt inhibitors, Niclosamide,
Pyrvinium, and XAV-939, at indicated doses for 48 hours. Data is shown as a fraction of
vehicle-treated cells.
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4.2.4 Wnt versus Shh pathway crosstalk dictates therapeutic response of BSG
cells
To investigate the mechanism behind the differential responses to various Wnt
inhibitors, we considered whether there might be crosstalk between Wnt and other
signaling pathways such as the Shh pathway. We investigated the level of Shh pathway
activity in our cells in response to Wnt treatment. As is shown in Figure 36A, treatment
of both brainstem progenitors and BSG cells with Wnt3a conditioned media, while
activating the Wnt pathway, concurrently induced a significant inhibition in Gli1 mRNA,
a read out of the Shh pathway, suggesting that Wnt signaling inhibits the Shh pathway in
the brainstem.

Simultaneously, we also observed Wnt signaling to significantly

upregulate Gli3 mRNA (Figure 26B), a Gli family member that inhibits Shh pathway
activity. It is possible that Wnt pathway signaling in the brainstem upregulates this
repressor of Shh signaling, which leads to downregulation of Gli1.
In addition to being induced by dorsal signals such as Wnt, it has been established
in the literature that Pax3 is negatively regulated by Shh during embryonic development
[136-138], and so we were interested in the effects of Shh signaling on Pax3 expression
in the brainstem. Interestingly, however, treatment of brainstem progenitors and BSG
cells with recombinant Shh did not alter Pax3 expression levels despite an induction in
Gli1, nor did it alter Axin2 levels suggesting that the crosstalk between pathways only
occurs in the direction from Wnt to Shh (Figure 27A-B). Exposure of cells to constant
Wnt ligand and increasing concentrations of Shh indicate that Wnt is indeed upstream of
Shh, and that Shh can only partially overcome the Wnt-induced inhibition of Gli1 mRNA
(Figure 27C).
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As the induction of Wnt signaling inhibits Gli1, it is possible that Wnt pathway
inhibition would lead to an increase in Gli1 expression and might compensate for loss of
Wnt target gene expression. Indeed, when we treated either brainstem progenitors or
BSG cells with increasing doses of XAV-939, there was a dose-dependent increase in
Gli1 expression concomitant with a decrease in Axin2 levels (Figure 28A-B). However,
the toxic agents Niclosamide and Pyrvinium concurrently inhibited both Axin2 and Gli1
(Figure 28C-D), presumably through additional off-target effects, a discrepancy that may
explain the difference in efficacies of these drugs compared to XAV-939. In line with
this, addition of the Shh inhibitor GDC-0449 to XAV-939 increased the efficacy of
XAV-939 in a dose-dependent manner by mitigating XAV-939-induced upregulation of
Gli1 (Figure 29A-B). Although treatment with GDC-0449 alone did not lead to a
compensatory upregulation of Axin2, increasing doses of GDC-0449 in the presence of
10µM XAV-939 did lead to slight increases in Axin2 expression, however without
reaching or exceeding baseline levels prior to Wnt inhibition (Figure 29B and data not
shown). Collectively, these data suggest that dual inhibition of Wnt and Shh pathways
may be an effective therapeutic strategy for BSG.
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Figure 26. Canonical Wnt signaling inhibits Gli1 and induces Gli3.
A Gli1 and (B) Gli3 mRNA expression in normal brainstem progenitors (BS Prog.) or
Brainstem Glioma (BSG) cells treated with either Control (Ctrl) or Wnt3a conditioned
media for 72 hours. Data is normalized to Actin mRNA levels and shown relative to the
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Figure 27. Shh signaling does not inhibit Pax3 expression.
A-C qRT-PCR for Gli1, Pax3, and Axin2 in (A) Normal Brainstem (BS) progenitors and
(B) BSG cells, treated with vehicle or recombinant Shh at the indicated doses for 72
hours, and in BSG cells (C) treated with combinations of either Control or Wnt3a
conditioned media and increasing doses of recombinant Shh for 72 hours. Data is
normalized to Actin levels and shown relative to vehicle (A-B) or control media + vehicle
(C).
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Figure 28. Gli1 is upregulated by XAV-939, but inhibited by Niclosamide and
Pyrvinium.
qRT-PCR of Brainstem Progenitors (A and C) or BSG cells (B and D) treated with
Wnt3a conditioned media for 24 hours prior to vehicle (veh) or the Wnt inhibitors XAV939 for 48 hours (A and B) or 2 µM Niclosamide (Nic.) or 1 µM Pyrvinium (Pyrv.) for
24 hours (C) or 100nM Pyrvinium (Pyrv.) for 24 hours (D). Axin2 and Gli1 expression
normalized to Actin are shown relative to control or vehicle.
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Figure 29. Dual Wnt and Shh pathway inhibition in Brainstem Glioma cells.
BrdU incorporation (A) and qRT-PCR (B) of mouse BSG cells treated with XAV-939
(XAV), GDC-0449 (GDC), or both, at indicated doses for 48 hours. A Data is shown as a
fraction of vehicle-treated cells. B Axin2 and Gli1 expression is normalized to Actin.
GDC-0449 treatment is shown relative to vehicle, and XAV-939+GDC-0449 treatments
are shown relative to XAV-939 alone.
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4.3 Discussion
Our PDGF-B-driven mouse model of BSG shows Wnt pathway activation based
on increased ligand and Foxm1 expression, as well as increased activated β-Catenin.
44% of our small cohort of human tumors express both β-Catenin (cytoplasmic and/or
nuclear) and DKK1, the latter being a marker for Wnt-driven medulloblastoma [65], but
only 12.5% express nuclear β-Catenin, traditionally considered the hallmark of canonical
Wnt pathway activity [139]. In addition, the correlation in human tumors between the
expression levels of PAX3 and both the canonical Wnt target gene AXIN2, and DKK3,
which has been shown to correlate with mouse Axin2 in epidermal stem cells [140],
suggests that the pathway is active in the PAX3-High subset. Increased expression of
select Wnt pathway-related genes was previously reported for Silent BSG [15], a
subgroup that is most likely distinct from H3-K27M/Oligodendroglial/PAX3-High
tumors. Of note, however, AXIN2 was not on their list of genes, nor were samples
stratified based on PAX3 expression, both of which we hypothesize to be indicators of
pathway activity. In contrast, we do not see evidence of Shh pathway activation in the
PDGF-B-driven mouse model or in Pax3-High human BSG (data not shown), suggesting
that the Pax3-High Wnt-activated BSG described here are distinct from previously
described Shh-driven BSG [37, 66]. Currently lacking from these studies, however, are
analyses of Wnt pathway activation in H3.3-K27M-expressing and p53-deficient BSG
mouse models.
Importantly, the relationship between PAX3 and AXIN2 in human BSG support a
connection between the Wnt pathway and Pax3 expression similar to that found in
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medulloblastoma [65, 135]. The concept of Pax3 as a marker for Wnt pathway activation
has precedent in normal vertebrate embryogenesis where the expression of Pax3 is
controlled by inductive BMP and Wnt signals and inhibitory Shh signals, which are
present in opposing domains and generally have opposing effects on gene expression [77,
124]. Similarly, we show here that Wnt signaling induces Pax3 mRNA expression and
inhibition of Wnt signaling inhibits Pax3 expression in early postnatal mouse brainstem
progenitor cells. In contrast to embryonic development, however, we find that Shh
signaling does not directly inhibit Pax3 expression, even in the context of elevated Wnt
signaling as was shown to be the case in presomitic mouse and chick explants [129, 136].
Presumably, in vivo the expression domain of Pax3 in the brainstem is therefore dictated
by the gradient of Wnt ligand and not Shh ligand. The induction of Pax3 by Wnt ligand
is most likely direct, as a highly conserved enhancer region within the 4th intron of the
Pax3 gene (known as either CNE3, ECR2, or IR1) has been shown to control Wntinduced expression of Pax3 in the CNS, to contain Tcf/Lef binding sites, and to bind Tcf3
in ChIP/Seq experiments [127, 141, 142].
In BSG cells with enhanced PDGF signaling and tumor suppressor losses,
however, canonical Wnt signaling no longer consistently modulates Pax3 expression
levels in vitro. The fact that one tumor line tested did show increased Pax3 levels with
Wnt treatment suggests that the relationship may still hold true in some tumor cells,
however in the majority of lines there may be additional aberrant signaling pathways that
converge on Pax3 expression. For example, it has been shown in melanoma cells that
Pax3 can be a target of the Akt pathway [143], which can be activated downstream of
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PDGF [144]. Our data suggest, however, that at the time of tumor initiation in brainstem
progenitors, Wnt pathway activity determines the expression level of Pax3.

As

gliomagenesis proceeds, the resulting tumors may continue to harbor Wnt pathway
activation (evidenced by increased expression of Wnt ligands, Foxm1, and activated βCatenin), and Pax3 expression, despite these two characteristics eventually becoming
uncoupled from one another in cultured tumor cells.
Interestingly, induction of Wnt signaling inhibits Gli1 mRNA expression and
inhibition of Wnt signaling induces Gli1 mRNA expression in brainstem progenitors and
BSG cells, revealing a cross talk between the Wnt and Shh pathways in the brainstem.
This crosstalk correlates with the expression level of Pax3 in progenitor cells as a result
of its modulation by Wnt, however the Wnt-mediated inhibition of Gli1 is independent of
Pax3 (data not shown) and may be mediated by Gli3, a repressor of Shh signaling. This
cross talk generates a situation similar to embryonic development in which Wnt signaling
and Pax3 expression are found in opposing domains from Shh signaling [124] and
medulloblastoma, which can be classified as either Wnt-driven or Shh-driven, with Pax3
expression exclusively characterizing the former [65, 135]. Whether there are distinct,
mutually exclusive, Wnt-driven and Shh-driven BSG in humans has yet to be determined,
although Monje et. al. describes a role for Shh signaling in ventral BSG [37], while we
describe here a role for Wnt signaling in our primarily dorsal BSG model. This hints at a
distinction between ventral and dorsal BSG harboring Shh and Wnt signaling,
respectively, however a single comprehensive analysis of human BSG for Wnt and Shh
activity along with location in the brainstem would be necessary to confirm this. This
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type of analysis will prove difficult as for the majority of BSG cases it is impossible to
ascertain the exact location of the tumor’s origin at the time of diagnosis.
Crosstalk between these pathways is not without precedent in cancer, however the
majority of work to-date has shown that Shh signaling can negatively regulate Wnt
signaling [145]. Kim et. al. describes a scenario in gastric carcinoma cells in which Shh
signaling inhibits Wnt pathway activity through SFRP1, and hints at the ability of
canonical Wnt signaling to repress Gli1 expression, however the mechanism involved in
the latter observation was not explored [146]. A mechanism by which the Notch target
Hes1 can directly bind to and inhibit Gli1 promoter activity has been described which
explains a compensatory upregulation of Shh signaling in response to Notch inhibition
[147], similar to what we see here with Wnt inhibition. It is possible that a Wnt target
gene could be acting in a similar manner, although the identity of such a target gene is
unknown. Alternatively, a mechanism by which canonical Wnt signaling antagonizes the
Shh pathway through the induction of the repressive Gli3 protein has been documented in
the chick and mouse embryonic spinal cord [124, 125]. This may be relevant during
brainstem gliomagenesis as we find here an upregulation of Gli3 mRNA in response to
Wnt treatment. However, whether the induction of Gli3 noted here is associated with
cleavage into Gli3R, the repressor form of Gli3 [124], or whether it is necessary for Wntmediated Gli1 inhibition, have not been tested.
We have established the presence of a Wnt-Pax3 axis in brainstem progenitors,
which may be responsible for Wnt pathway activity in Pax3-High BSG. We therefore
believe that high Pax3 expression may be a biomarker for Wnt pathway activity in BSG.
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The Wnt pathway is a good candidate for therapeutic targeting, as it has pro-survival
functions in many types of cancers, including glioma [131-133].

We therefore

investigated whether Wnt signaling is functionally required for mouse PDGF-B-driven
BSG cell proliferation. We find here that mouse BSG cells with high Pax3 are sensitive
to treatment with Wnt inhibitors Niclosamide and Pyrvinium, suggesting that the Wnt
pathway may be a therapeutic target in our BSG model. Niclosamide and Pyrvinium are
anthelmintic agents, FDA-approved for treatment of parasitic worm infections, and were
discovered in drug screens to inhibit Wnt signaling in other types of cancer cells [148151]. Wieland et al. studied the effects of Niclosamide on human GBM cells and saw
promising results in vitro, however their in vivo data with systemic administration of
Niclosamide to brain tumor-bearing mice was preliminary and inconclusive [151]. It is
worth noting, however, that Niclosamide has been shown to target several other signaling
pathways in addition to Wnt, including NF-KB, Notch, mTOR, ROS, and Stat3 [152], all
of which could contribute to its efficacy in BSG cells. Due to the toxicity of Niclosamide
and Pyrvinium against BSG cells in vitro, and in colon cancer and breast cancer mouse
models [153, 154], these agents are good candidates for in vivo pre-clinical testing in our
BSG model to determine whether or not they will cross the blood-brain-barrier.
XAV-939, a tankyrase inhibitor, which acts to promote Axin protein stability and
thus inhibit β-catenin activity [155], has no effect on BSG cells in vitro at doses up to
20µM. A potential reason for this is the crosstalk observed between the Wnt and Shh
pathways and the compensatory upregulation of Shh signaling in response to treatment.
XAV-939 was effective at inhibiting proliferation of breast cancer cells only in low
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serum conditions, suggesting that additional growth factors in serum provided resistance
to cells [156]. As shown here, the addition of the Smoothened inhibitor GDC-0449,
currently in clinical trials for basal cell carcinoma and medulloblastoma [157], to XAV939 abrogates the upregulation of Gli1 in response to XAV-939 treatment, and
significantly enhances the inhibition of proliferation provided by either inhibitor alone.
Although the doses required are high, these data provide evidence that dual Wnt and Shh
pathway inhibition may be more effective than targeting either pathway alone.
Interestingly, the Wnt inhibitors Niclosamide and Pyrvinium simultaneously inhibit Shh
pathway activity, which may explain their effectiveness against BSG cells. The recently
reported ability of Pyrvinium to inhibit the Shh pathway downstream of Smoothened by
inhibiting the stability of Gli proteins [158] supports our findings here.
Altogether, these observations highlight the possibility of BSG cells utilizing
compensatory signaling pathways in response to single agent inhibitors, and thus the need
to target multiple signaling pathways concurrently to achieve maximal efficacy. The
evidence presented here supports a mechanistic relationship (either direct or indirect)
between Pax3 and the Wnt pathway in brainstem progenitors. Although we present
preliminary evidence that the Wnt pathway is active in a subset of BSG, its correlation
with Pax3 expression both in vitro and in vivo is tenuous, and therefore at this point we
cannot conclusively state that all Pax3-High BSG are driven by Wnt signaling. A larger
cohort of human samples needs to be analyzed for evidence of Wnt pathway activity
along with Pax3 expression at both the mRNA and protein levels in order to further
investigate this relationship.

Regardless of the correlation with Pax3 expression,
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however, if the Wnt pathway is indeed active in a subset of BSG, then treatment with
Wnt inhibitors may be a viable therapeutic option for these patients. In order to apply our
findings to the treatment of human BSG, however, we will first need to test combinations
of Wnt and Shh inhibitors in the most biologically relevant in vivo preclinical mouse
models.

4.4 Materials and Methods
4.4.1 Human Brainstem Glioma tissue
Human BSG tissue was obtained from Duke University, New York University
(Matthias Karajannis and David Zagzag), Memorial Sloan-Kettering Cancer Center, and
Lurie Children's Hospital of Chicago (Jason Fangusaro). Analysis of human BSG tissue
was Institutional Review Board approved at all institutions.

4.4.2 Mice
Nestin-Tva (Ntv-a) and Ntv-a;Ink4a-ARF-/- [41] and Ntv-a;p53fl/fl mice [40] have
been described. For genotyping, gDNA was isolated from mice using the REDExtract-NAmp Tissue PCR Kit (Sigma) per the manufacturer’s protocol, using previously
published primers. All work with mice was done in accordance with the Duke University
Animal Care and Use Committee and the Guide for the Care and Use of Laboratory
Animals.
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4.4.3 RCAS/Tv-a Glioma mouse modeling
In the RCAS/Tv-a glioma mouse modeling system, avian retroviruses (produced
from RCAS plasmids) infect mouse cells expressing Tv-a (the receptor for RCAS
viruses). DF1 cells (ATCC) were cultured and transfected with RCAS plasmids as
described [40] using Fugene 6 or X-TremeGENE 9 (Roche).

RCAS-PDGF-B and

RCAS-Cre plasmids are described [112]. Generation of PDGF-B-induced brainstem
glioma was as described [40, 41]. Briefly, 1x105 DF1 cells transfected with RCAS
plasmids and producing RCAS viruses, were injected into the brainstem or cerebral
cortex of neonatal Ntv-a pups (postnatal day 2-4) in 1µL volume using a custom
Hamilton syringe. RCAS-PDGF-B was injected into Ntv-a;Ink4aARF-/- mice to generate
Ink4aARF-deficient BSG, and RCAS-PDGF-B+RCAS-Cre was injected at a 1:1 ratio
into Ntv-a;p53fl/fl mice to generate p53-deficient BSG. Injected mice were monitored
daily and euthanized with CO2 upon appearance of signs of brain tumors (enlarged head,
ataxia, weight loss up to 25%) or at 12 weeks post-injection in the absence of symptoms.

4.4.4 Mouse and human expression analysis
See Chapter 2 Materials and Methods for descriptions of the mouse and human
expression analysis, as well for references. The correlation between Pax3 expression and
Wnt pathway genes for the human datasets was calculated as follows. For the St. Jude
dataset, to correlate Wnt pathway gene expression levels with Pax3 (probe 231666_at)
within the brainstem samples, Pearson correlation and its significance was reported for
each gene from the WNT receptor signaling pathway as defined by the Gene Ontology
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database (GO:0016055) [159], including the probe for Axin2. For the Necker Sick Kids
dataset, correlation between Wnt pathway genes and Pax3 (probe name: A_23_P502706)
within the brainstem samples was determined using the methods described above.

4.4.5 Isolation and culture of mouse Glioma and brainstem progenitors cells
Mouse gliomas were dissected and dissociated as previously described [40].
Briefly, tissue was digested in papain (Worthington) and DNAse (Sigma Aldrich) at
37°C, followed by three cycles of triturations in ovomucoid (Worthington) and
centrifugation at 600rpm. The resulting cells were passed through a 70µm strainer,
counted and cultured as adherent cells in DMEM supplemented with 10% FBS, 2mM Lglutamine, 100 units/mL penicillin and 100mg/mL streptomycin at 37°C and 5% CO2.
BSG cell lines were passaged up to 20 times. Normal brainstem (including the midbrain
and pons) was isolated from Ntv-a postnatal day 3 (P3) pups, was digested, dissociated,
and cultured as for tumors and passaged a maximum of 3 times. For Shh treatment of
progenitor cells, cells were dissociated, cultured as neurospheres in Neurocult Media with
Proliferation Supplement (Stem Cell Technologies), 100 units/mL penicillin and
100ug/mL streptomycin, 2µg/mL Heparin (Stem Cell Technologies), 10ng/mL human
recombinant EGF (Invitrogen), and 20ng/mL human recombinant bFGF (Invitrogen) for
immediate treatment with Shh.
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4.4.6 Wnt3A, Shh, and inhibitor treatments
Wnt3A and control conditioned media was generated using L-WNT3A cells and
L cells, respectively (ATCC), per the protocol from ATCC. Upon harvesting, media was
frozen in aliquots at -20°C for later use. BSG or normal progenitor cells were treated
with conditioned media at a 1:1 ratio with fresh media for 3 days. Recombinant Mouse
Shh N-terminus (R&D Systems) was reconstituted in PBS with 0.1% BSA and sterile
filtered through 0.2µM pores to make a 100µg/mL stock solution. BSG adherent cells or
brainstem progenitor neurospheres were treated with Shh or vehicle diluted in culture
media for 3 days.

For Wnt and Shh combination treatments, recombinant Shh (or

vehicle) was diluted in a 1:1 mix of culture media and conditioned media (either Wnt3a
or Control), and adherent BSG cells were treated for 3 days. After all treatments, cells
were harvested for mRNA isolation.
Wnt inhibitors Niclosamide, Pyrvinium, and XAV-939 (all from Sigma) and the
Shh inhibitor GDC-0449 (Selleck Chemicals) were all solubilized in DMSO. For BrdU
assays, BSG cells were treated with inhibitors for 48 hours, followed by a BrdU pulse for
2 hours, and measurement of incorporated BrdU using the Cell Proliferation ELISA,
BrdU Colorimetric kit (Roche), per the manufacturer’s instructions and a Molecular
Devices Versa Max Tunable Microplate reader. For mRNA analysis, BSG cells or
normal progenitors were stimulated with Wnt3a conditioned media for 24 hours followed
by inhibitors for 24 hours (Niclosamide and Pyrvinium) or 48 hours (XAV-939). For
mRNA analysis of BSG cells treated with XAV-939 and GDC-0449 combinations, cells
were treated for 48 hours without prior Wnt3a stimulation.
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4.4.7 Real Time RT-PCR
Cultured cells were processed for mRNA isolation using the RNeasy Mini kit
(QIAGEN) per the manufacturer’s protocol. cDNA was synthesized from total mRNA
using SuperScript II and OligodT primer (Invitrogen). qRT-PCR reactions were set up
with iQ SYBR Green Supermix (BioRad) and run on a Bio-Rad iQ5 Multicolor RealTime PCR Detection System. Primers are shown in Table 4. Relative gene expression
levels were generated using the ΔΔCt method [117] using Actin as the reference gene.

4.4.8 Western Blot
Frozen tumors were either grinded with a mortar and pestle on liquid nitrogen
followed by lysis in RIPA buffer containing 1x Protease Inhibitor Cocktail (Sigma
Aldrich), 10mM PMSF, 50mM NaF, 1mM NaVO4, and 1mM DTT or lysed and
homogenized in the same buffer using a Glas-Col Variable Speed-Reversible
Homogenizer set to a motor speed of 80 followed by sonication using a Brason Sonifier
250. Cleared and denatured lysates were run on a NuPAGE 4-12% Bis-Tris gradient gel
(Invitrogen), and transferred onto nitrocellulose membrane using the iBlot (Invitrogen).
Antibodies were diluted in Odyssey Blocking Buffer (Li-Cor) with 0.2% Tween-20.
Blots were imaged using the Odyssey (Li-Cor) per the manufacturer’s instructions.
Antibodies used were: anti-PAX3 (DSHB, concentrated form, 1:1000), anti-activated βCatenin (Millipore, 1:1000), anti-β-Catenin (BD Biosciences, 1:1000), and anti-ACTIN
(Santa Cruz Biotechnology, 1:500). Secondary antibodies from Li-Cor were used at
1:10,000 for IRDye800CW or 1:20,000 for IRDye680LT.
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4.4.9 Immunohistochemistry
Immunohistochemistry (IHC) of human BSG samples was performed by the
Pathology Department at Duke University. Antibodies used were anti-β-Catenin (Dako,
monoclonal Mouse anti-human clone β-catenin-1) and anti-DKK1 (Abcam, rabbit
polyclonal). An independent, blinded, pathologist (R. McLendon) determined the scoring
of positive staining for each human sample, using negative isotype control staining to
account for background.
For mouse IHC, PDGF-B;Ink4aARF-/- BSG samples were fixed in 10% formalin,
embedded in paraffin by the Duke Pathology Core, and cut into 5 µm thick sections using
a Leica RM2235 microtome.

IHC was performed using an automated processor

(Discovery XT, Ventan Medical Systems, Inc.). For β-Catenin staining, anti-β-Catenin
(BD Biosciences) antibody was used.

4.4.10 Statistical Analysis
Statistics were calculated using GraphPad Prism 5 software. In vitro experiments
were performed a minimum of 3 times using at least 2 independent tumor lines or at least
3 independent P3 litters. All data are represented as the mean with SEM, with student’s
paired t-test. *=p≤0.05, **=p≤0.01, ***=p≤0.001, ****=p≤0.0001. When a * is placed
above a bar in the figures, the paired student’s t-test was run between that sample and the
vehicle/control, unless brackets or figure legends indicate otherwise.

104

5. Pax3-Expressing Progenitors of the Neonatal Mouse
Brainstem are a Cell-of-Origin for Brainstem Glioma

Portions of this chapter (results and discussion relating to figures 30-34) are taken
from the following research article [102]:
Misuraca KL, Barton KL, Chung A, Diaz AK, Conway SJ, Corcoran DL, Baker, SJ, and
Becher OJ. Pax3 Expression Enhances PDGF-B-Induced Brainstem Gliomagenesis and
Characterizes a Subset of Brainstem Glioma. Acta Neuropathologica Communications.
2014, 2:134 DOI: 10.1186/s40478-014-0134-6.

5.1 Introduction
Brain tumor heterogeneity can potentially be explained by (1) different genetic
alterations initiating and/or driving tumorigenesis, (2) distinct cells-of-origin, (3) regionspecific differences in the cells-of-origin (4) region-specific extrinsic factors in the
stromal microenvironment, or (5) combinations of all of the above [1]. In previous
chapters, we have investigated the existence of regional factors in the gliomagenesis
process, namely by comparing gene expression of mouse gliomas initiated in the
brainstem (BSG) or the cerebral cortex (CG) using identical genetic alterations. We
reported the brainstem-specific gliomagenesis gene, Pax3, which we have found to play a
role in the initiation and/or progression of BSG but not CG. In this chapter, we apply the
observation of regional Pax3 expression in glioma towards the concept of the disease’s
cellular origins, and investigate whether Pax3 expression marks a unique cell-of-origin
for BSG.
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The cell-of-origin for glioma is a controversial topic that has fueled countless
hours of research over the past several decades. Prior to the discovery of postnatal neural
stem cells (NSCs) in the brain, astrocytes were considered a probable candidate for the
cell-of-origin, as these cells were known to be replication competent [4]. Several lines of
evidence suggested that targeting astrocytes expressing the GFAP promoter with genetic
alterations was a viable way to induce glioma in mice [103, 160], presumably through
dedifferentiation back to a NSC-like state [161].
However the discovery of the existence of postnatal NSCs [162], and the
recognition that GFAP, in addition to marking differentiated astrocytes, also labels
embryonic and early postnatal NSCs [163], put this hypothesis into question, and
suggested that NSCs may be the cell-of-origin for glioma. Indeed, many studies using
genetically engineered mouse models suggest that NSCs are more susceptible to
gliomagenesis than other types of more differentiated progenitor cells.

Analysis of

several glioma models generated using the hGFAP promoter suggested that the tumors
arose from the subventricular zone (SVZ) region, and its resident NSCs [164, 165].
Combinations of RB, p53, and PTEN loss led to glioma formation in adult NSCs but not
astrocytes [166]. In addition, stereotactic cre-mediated loss of tumor suppressors NF1,
p53, and/or PTEN in the SVZ of adult mice led to glioma formation, while targeting nonneurogenic regions of the adult brain did not [167]. In the latter study, however, 1 out of
12 mice with tumor suppressor losses induced in early postnatal non-neurogenic regions
did go on to form a glioma, suggesting an increased potential of early postnatal

106

progenitors to induce glioma formation as compared to fully differentiated cells of the
adult brain [167].
Although ample evidence supports the claim that NSCs are the cell-of-origin for
glioma, one cannot rule out NSCs as being the cell-of-mutation while the cell-of-origin is
in fact a lineage-restricted progenitor cell derived from a NSC. Although some believe in
the ability of lineage restricted progenitors to dedifferentiate into a NSC-like state in
order to support glioma formation, it is equally plausible that NSCs targeted for mutation
must first differentiate down a particular lineage prior to complete transformation and
expansion of the tumor. This hypothesis is supported by studies in medulloblastoma
[168, 169] and glioma [170], the latter of which shows that when NSCs are targeted in
vivo for gliomagenesis, it is a rapidly expanding population of oligodendrocyte
progenitors (OPCs), and not NSCs, which is ultimately responsible for tumor formation.
This elegant study clearly identified OPCs as the cell-of-origin even though NSCs are the
cell-of-mutation for this model of glioma (which most closely resembles the proneural
subtype of human glioma), and supported previous work suggesting an OPC as a
potential cell-of-origin for glioma [164, 170, 171]. The distinction between cell-ofmutation and cell-of-origin is an important issue that has recently come to light, and
needs further attention moving forward [172].
Although much work has been conducted investigating the cellular origins of
glioma, mainly of the adult variety, less work has focused on the cell-of-origin of
pediatric gliomas, and even less has been devoted to the cellular origins of pediatric
gliomas arising in the brainstem. The majority of current BSG research focuses on the
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use of human cells either in vitro or using in vivo xenografts, neither of which is
appropriate for studying cellular origins of the disease. While the debate between NSCs
and lineage-restricted progeny can be applied in a general sense to BSG, there has been
little investigation into the existence of postnatal NSCs in the brainstem, nor have there
been any studies published directly comparing the tumorigenic capacity of these types of
cells in the brainstem. Unpublished work from our group suggests that, similar to studies
in the cerebral cortex, Nestin progenitor cells are more susceptible to PDGF-B-driven
brainstem gliomagenesis than GFAP-expressing cells at an early postnatal stage.
However, expansion of the use of genetically engineered mouse models to study BSG
precludes any further conclusions.
One study to-date has addressed the cellular origins of BSG and investigated the
existence of Nestin+ progenitor cells in the early postnatal human brainstem. Monje et
al. [37] discovered two groups of Nestin+ cells in the postnatal brainstem, one on the
floor of the 4th ventricle and one in the ventral pons. The incidence of the ventral pontine
population of Nestin+ cells coincides with the incidence of BSG in human patients,
providing correlative evidence that these cells may represent a cell-of-origin for BSG in
humans. Although they did not find a correlative population of Nestin+ cells in the
murine ventral pons, they did locate Olig2+/Sox2+ cells that have to capability to
generate pontine dysplasia in response to activated Shh signaling. This study, however,
ignores the possibility of an in utero cell-of-origin for BSG, which is plausible given the
young age of BSG patients.
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We have discovered that the transcription factor Pax3 is a regional marker in
human and mouse glioma—it is more highly expressed in the infratentorial region of the
brainstem as compared to the supratentorial region of the cerebral cortex. This regional
expression pattern seems to correlate with its expression during normal development of
the mouse brain, based on in situ hybridization for Pax3 available at Allen Brain Atlas
[78]. It is possible that the high expression of Pax3 in mouse PDGF-B-induced BSG
results from Pax3 being expressed in the cell-of-origin for these tumors (and its lower
expression in cerebral cortex gliomas induced in the same model results from its absence
in cerebral cortex progenitors at the time of tumor initiation). To further investigate this
possibility, we have studied in more detail the expression pattern of Pax3 in the neonatal
mouse brainstem, and in particular its overlap with Nestin expression, which marks the
targeted cell-of-origin for our mouse model.
In addition, we hypothesized Pax3 to be a marker of a progenitor cell that is
capable of supporting brainstem gliomagenesis, and speculated that initiating
tumorigenesis in these cells may generate a BSG model distinct from the Nestin model
already characterized [40, 41]. In order to test this hypothesis we used the RCAS-Tv-a
system to initiate PDGF-B-driven BSG in Pax3-Tv-a (Ptv-a) mice with and without
additional tumor suppressor losses. Ptv-a mice have been genetically engineered to
express the Tv-a receptor under the control of the Pax3 promoter [173], so that injection
with RCAS viruses into the neonatal brain will infect only Pax3-expressing cells. In this
way we tested whether or not Pax3 progenitor cells in the neonatal mouse brain are
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capable of initiating gliomagenesis, and if they are, whether the tumors that arise are
distinct from the Nestin-targeted BSG model.

5.2 Results
5.2.1 Pax3 is regionally expressed in the neonatal mouse brain
High Pax3 expression characterizes PDGF-B-driven mouse BSG while its
expression is low or absent in glioma arising in the cerebral cortex. We speculated that
enhanced PDGF signaling induced by PDGF-B ligand might upregulate Pax3 in the
brainstem and be responsible for its high expression level. However, when brainstem
progenitor cells isolated from Ntv-a P3 mice were infected in vitro with RCAS-PDGF-B
virus, Pax3 mRNA levels did not increase (Figure 30).
As Pax3 is a developmental transcription factor whose expression normally
decreases as differentiation proceeds, we next investigated whether Pax3 is expressed at
the time of tumor initiation in the brainstem, which in our mouse model is P2-4. By
Western blot, PAX3 protein was detected in wildtype P3 brainstem but not cerebral
cortex (Figure 7A, cerebellum is shown as a positive control), consistent with its
expression pattern in glioma. To further characterize the expression pattern of Pax3 in
the developing brain, we conducted immunofluorescence for PAX3 protein in the P3
mouse brain and found several regions of expression within and around the developing
brainstem. Distinct clusters of cells immunoreactive for PAX3 were found in the dorsal,
mid, and ventral pons (Figure 31 and 32A-C, upper panels). In addition, we found
PAX3-positive cells lining the roof of the 4th ventricle and radiating up and out from
110

there into portions of the midbrain, which lies just anterior to the mouse pons (Figure
32D and 33A, upper panels). PAX3-positive cells were also found occasionally lining
the floor of the 4th ventricle (Figure 33B, upper panels). By contrast, there were no
PAX3-positive cells detected by immunofluorescence in the cerebral cortex (Figure 32E,
upper panel).
We next investigated whether Pax3 expression characterizes any Nestinprogenitors, the targeted cell-of-origin in our glioma mouse model, in the P3 mouse
brainstem. We conducted co-immunofluorescence for cyan fluorescent protein (CFP)
and PAX3 in the P3 brain of Nestin-CFPnuc mice [174] which express CFP fused to a
nuclear localization signal under the control of the Nestin promoter. PAX3 expression
was found in a subset of Nestin progenitors in the dorsal pons, the roof and floor of the
4th ventricle, and the midbrain (Figures 32A and D and 33A-B, lower panels, and
quantified in Figure 34). Conversely, we found very little to no co-expression of Nestin
and PAX3 in the ventral or mid pons and none in the cerebral cortex (Figure 32B, C,
and E, lower panels, quantified in Figure 34). Thus the regional expression pattern of
Pax3, and its co-expression with Nestin, in the neonatal mouse brain correlates with its
expression in glioma.
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Figure 30. PDGF signaling does not induce Pax3 expression.
Brainstem Progenitor cells were isolated from Ntv-a P3 brain and infected in vitro with
the indicated RCAS viruses. Shown is qRT-PCR for Pax3 in RCAS-PDGF-B- versus
RCAS-Y-infected cells. Pax3 levels are normalized to Actin. Figure originally published
in [102].
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Figure 31. Pax3 expression in the neonatal mouse brainstem.
Immunofluorescence for PAX3 (red) in P3 Ntv-a pons. Nuclei are stained with DAPI
(blue). 10x magnification, scale bar is 100 µM. White boxes indicate dorsal, mid, and
ventral pons populations of PAX3-expressing cells. 4th ventricle and Cerebellum (Cb)
are indicated for reference. Figure originally published in [102].
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Figure 32. Regional expression of Pax3 in the neonatal mouse brain.
Immunofluorescence for PAX3 (red) and DAPI (blue) (upper panels), and PAX3 (red)
and Nestin-CFP (green) (lower panels) in P3 Nestin-CFPnuc brain; 20x magnification,
scale bar is 50 µM. A dorsal pons (white arrows point to Nestin+/PAX3+ cells), B mid
pons, C ventral pons, D midbrain, E cerebral cortex. Figure originally published in
[102].
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Figure 33. Pax3 expression in the neonatal mouse 4th ventricle.
Immunofluorescence for PAX3 (red) and DAPI (blue) (upper panels), and PAX3 (red)
and Nestin-CFP (green) (lower panels) in P3 Nestin-CFPnuc brain; 20x magnification,
scale bar is 50 µM. A 4th ventricle roof, B 4th ventricle floor: left panels are
representative of the majority of sections analyzed in which the Nestin-progenitors lining
the ventricle are negative for PAX3. Right panels are representative of rare sections in
which a subset of the Nestin-progenitors lining the ventricle expresses PAX3. Figure
originally published in [102].
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Figure 34. Quantification of Pax3/Nestin co-expression in the neonatal mouse brain.
Immunofluorescence was conducted for PAX3 and Nestin-CFP in P3 Nestin-CFPnuc
brain as shown in Figures 31 and 32. The percentage of Nestin+ cells in each of the
indicated brain regions that also express PAX3. Quantified as described in Materials and
Methods. Figure originally published in [102].

5.2.2 Characterization of Pax3-positive brainstem progenitors
Pax3-expressing progenitor cells in the neonatal mouse brain have not been
previously studied in detail. Thus we sought to characterize these cells more fully with
respect to progenitor cell markers and proliferation status. As discussed above, a subset
of Nestin-expressing progenitor cells in the P3 mouse brainstem coexpress Pax3 (Figure
34). However, do all of the Pax3 progenitors express Nestin? In order to answer this
question, the percentage of Pax3-expressing cells that also express Nestin was quantified
in the midbrain, dorsal pons, mid pons, and ventral pons (Figure 35). In the midbrain,
40% of Pax3 progenitors express Nestin, while 4% of the dorsal pons Pax3 progenitors
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express Nestin. Conversely, all of the Pax3 progenitors in the mid and ventral pons are
Nestin-negative (Figure 35).
To further characterize the Pax3+ progenitors, co-immunofluorescence was
conducted for Pax3 along with the proliferation marker Ki67. The majority of Pax3+
cells in the P3 pons are not proliferating (Figure 36, upper panels). As a comparison, a
subset of Nestin+ progenitors in the dorsal pons is Ki67+ (Figure 36, lower panel).
As shown in Figure 35, the majority of Pax3 progenitors, even in the midbrain,
do not express Nestin. We are interested in investigating the lineage to which these cells
belong. Staining for the oligodendrocyte progenitor marker Olig2 revealed that the
Pax3+ cells in the dorsal and ventral pons do not express Olig2, suggesting that they are
not committed to the oligodendroglial lineage (Figure 37A). However, to obtain a more
comprehensive view of Pax3 and Olig2 coexpression at the mRNA level, Olig2L10aeGFP P3 brainstem (including the midbrain and pons) was isolated, dissociated, and
sorted for GFP+ and GFP- populations. qRT-PCR was performed for Pax3 in unsorted
brainstem, Olig2-GFP+ and Olig2-GFP- populations (Figure 37B).

While still

preliminary, the data show that Pax3 expression was slightly enriched in the Olig2-GFPpopulation as compared to unsorted brainstem, however there was still significant Pax3
expression in the Olig2-GFP+ population, suggesting that in the entire brainstem region
there are Olig2-positive and -negative subsets of Pax3 progenitors.

More thorough

staining of the entire brainstem region including the midbrain and 4th ventricle lining
would help to determine the location of these different types of Pax3+ progenitors.
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Figure 35. Quantification of Nestin/Pax3 co-expression in the neonatal mouse brain.
Immunofluorescence was conducted for PAX3 and Nestin-CFP in P3 Nestin-CFPnuc
brain as shown in Figures 31 and 32. The percentage of Pax3+ cells in each of the
indicated brain regions that also express Nestin. Quantified as described in Materials and
Methods.
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Figure 36. Pax3-expressing progenitors are not proliferative.
Immunofluorescence for PAX3 (red), Ki67 (green) and DAPI (blue) in Ntv-a P3 pons
(upper panels), and Ki67 (red), Nestin-CFP (green), and DAPI (blue) in P3 NestinCFPnuc brain (lower panel). 20x magnification, scale bar is 50 µM.
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Figure 37. Pax3 and Olig2 co-expression in the neonatal mouse brainstem.
A Immunofluorescence for PAX3 (red), Olig2 (green) and DAPI (blue) in Ntv-a P3 pons.
20x magnification, scale bar is 50 µM. B P3 brainstem was isolated from Olig2-L10aGFP brain, dissociated, and sorted for GFP-positive and GFP-negative fractions. Shown
is qRT-PCR for Pax3 mRNA in each fraction, relative to unsorted (Uns) brainstem (BS).
Pax3 is normalized to Actin.
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5.2.3 Initiation of glioma in Pax3-positive brainstem progenitors
In order to investigate whether Pax3+ progenitors represent a novel cell
population with the ability to serve as the cell-of-origin for BSG, we utilized the Pax3Tv-a (Ptv-a) transgenic mouse in which the Tv-a receptor is expressed under the control
of the Pax3 promoter [173]. We injected neonatal (P2-4) Ptv-a pups with RCAS-PDGFB virus producing cells and followed the mice until symptoms of brain tumors developed
or 12 weeks. In wildtype Ptv-a mice, in the absence of any other genetic alterations,
PDGF-B overexpression is not sufficient to induce glioma in the brainstem (Figure 38AB).
Ptv-a mice were then crossed with either Ink4aARF-/- or p53fl/fl mice to generate
Ptv-a;Ink4aARF-/- and Ptv-a;p53fl/fl mice.

When RCAS-PDGF-B or RCAS-PDGF-

B+RCAS-Cre virus-producing cells were injected into the brainstem of these mice,
respectively, gliomas were initiated with similar latency and penetrance (Figure 38A-B).
Mice were sacrificed when dictated by symptoms of brain tumors, or at 12 weeks. All of
the brains were harvested, fixed in formalin, embedded in paraffin, and sectioned for
H&E staining and tumor grading as described in the Materials and Methods section. The
Ink4aARF-deficient model had a median survival of 57 days post-injection, and 86%
penetrance (14.3% grade II and 71.4% grade III glioma), while the p53-deficient model
had a median survival of 59 days, and 75% penetrance (16.7% grade II, 33.3% grade III,
and 25% grade IV glioma).
Histological examination of the BSG induced in the Ptv-a model showed that
these tumors arise in the ventral pons and are composed of densely packed tumor cells
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with a high degree of vascularity (Figure 39).

Grade III and IV tumors harbor

microvascular proliferation, while grade IV tumors also contain pseudopalisading
necrosis, both hallmarks of high-grade glioma in humans. In addition, IHC for traditional
glioma markers Olig2 and Nestin show a high degree of staining in the majority of tumor
cells in both models (Figure 39).
In order to generate a tumor model that is more relevant to the human disease, we
incorporated the commonly occurring H3.3-K27M mutation into the Ptv-a;p53fl/fl model
described above by injecting RCAS-PDGF-B+RCAS-H3.3K27M+RCAS-Cre into
neonatal Ptv-a;p53fl/fl mice. The survival and penetrance of this model resemble that of
the p53-deficient model without H3.3-K27M expression (Figure 40), however further
characterization of this model remains to be completed.
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Figure 38. Initiation of Brainstem Glioma in Pax3 progenitors.
Pax3-Tv-a (WT) and Pax3-Tv-a;Ink4aARF-/- mice were injected with RCAS-PDGF-B at
P3 into the brainstem. Pax3-Tv-a;p53fl/fl mice were injected with RCAS-PDGF-B and
RCAS-Cre at P3 into the brainstem. Mice were euthanized at the appearance of signs and
symptoms of brain tumors, or at 12 weeks in the absence of symptoms. Brains of all
mice were harvested, fixed in formalin, embedded in paraffin, sectioned, and stained with
H&E. A Kaplain Meier survival curve, and B tumor incidence of all injected mice.
Grades of tumors were determined as described in the Materials and Methods section.
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Figure 39. Histological and immunohistochemical analysis of the Pax-Tv-a model.
High-Grade BSG was initiated in Pax3-Tv-a;Ink4aARF-/- mice with RCAS-PDGF-B (left
panels) or in Pax3-Tv-a;p53fl/fl mice with RCAS-PDGF-B and RCAS-Cre (right panels)
as described in Figure 38. Formalin-fixed paraffin embedded tumors were sectioned and
stained with H&E (rows 1 and 2) or for Olig2 (row 3) or Nestin (bottom row). Top row
is 2.5x magnification, scale bar is 400 µM. Bottom three rows are 40x magnification,
scale bar is 25 µM.
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Figure 40. H3.3-K27M-expressing Brainstem Glioma in the Pax-Tv-a model.
Kaplan-Meier survival curve of Pax3-Tv-a;p53fl/fl injected with RCAS-PDGF-B and
RCAS-Cre (red line) and RCAS-PDGF-B, RCAS-Cre, and RCAS-H3.3-K27M (green
line) at P3 into the brainstem. Mice were euthanized at the appearance of signs and
symptoms of brain tumors, or at 12 weeks in the absence of symptoms.

5.2.4 Comparison of Nestin-Tv-a and Pax3-Tv-a models of Brainstem Glioma
As there is overlap between Nestin and Pax3 expression at the time of tumor
initiation, we were interested in comparing the Ptv-a model to our previously generated
Ntv-a model [40, 41]. When RCAS-PDGF-B alone is injected into the brainstem of Ntva mice, 25% of the mice develop low-grade brainstem lesions after 12 weeks (Figure
41A, data taken from Figure 13B). Conversely, when RCAS-PDGF-B alone is injected
into Ptv-a mice, none of the mice develop low-grade glioma (Figure 41A, data taken
from Figure 38B). In addition, comparison of the survival of Ntv-a;p53fl/fl and Ptva;p53fl/fl mice injected with RCAS-PDGF-B and RCAS-Cre into the brainstem reveals a
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longer latency for the Ptv-a mice (Figure 41B, median survival 59 days for Ptv-a versus
34.5 days for Ntv-a, p<0.0001, log rank test).
To compare gene expression between these two models, we conducted RNA
Sequencing analysis of the Ptv-a;PDGF-B;p53-deficient (n=5) and Ntv-a;PDGF-B;p53deficient (n=3) models. Only 59 genes showed differential expression levels, with an
adjusted p-value < 0.05 (data not shown). One of these genes was Pax3, although
surprisingly it was expressed at significantly lower levels in the Ptv-a tumors, which was
confirmed via qRT-PCR (Figure 42A). Additionally, several Hox genes (Hoxb2, Hoxb3,
and Hoxa3) showed significant upregulation in the Ptv-a model (data not shown), the
expression of some of which, along with additional Hoxa genes, were analyzed by qRTPCR (Figure 42B). Hoxa2 and Hoxb2 showed significant upregulation, while Hoxa3, 4,
5, and 6 all showed a trend towards upregulation that was not statistically significant due
to the variability between Ptv-a samples (Figure 42B).
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Figure 41. Comparison of the penetrance and latency of the Ntv-a and Ptv-a models
of Brainstem Glioma.
A Nestin-Tv-a (Ntv-a) or Pax3-Tv-a (Ptv-a) mice were injected with RCAS-PDGF-B at
P3 in the brainstem and sacrificed at 12 weeks post-injection. Brains were harvested,
fixed in formain, embedded in paraffin, sectioned, and stained with H&E to determine
tumor grade as described in the Materials and Methods section. Ntv-a data is taken from
Fig. 13B, n=20. Ptv-a data is taken from Fig. 38B, n=7. B Kaplain Meier survival curve
of Ntv-a;p53fl/fl or Ptv-a;p53fl/fl mice injected with RCAS-PDGF-B and RCAS-Cre at P3
and euthanized at the appearance of brain tumor symptoms, or at 12 weeks in the absence
of symptoms.
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Figure 42. Differential gene expression in the Ntv-a and Ptv-a models of Brainstem
Glioma.
Nestin-Tv-a;p53fl/fl (Ntv-a) or Pax3-Tv-a;p53fl/fl (Ptv-a) mice were injected into the
brainstem at P3 with RCAS-PDGF-B and RCAS-Cre to initiate BSG. Mice were
sacrificed at the appearance of brain tumor symptoms. Tumors were harvested, snap
frozen, and processed for mRNA isolation. qRT-PCR was conducted on Ntv-a (n=3)
versus Ptv-a (n=5) tumor samples for (A) Pax3 mRNA or (B) Hoxa2, 3, 4, 5, and 6 and
Hoxb2 mRNA. All data is normalized to Actin and shown relative to Ntv-a samples.

5.3 Discussion
The cell-of-origin for glioma is a controversial topic for which there currently is
no definitive answer. By investigating the cellular origins of glioma, researchers hope to
uncover details of the gliomagenesis process, which will aid in the development of novel
therapeutic strategies.

Studying the cell-of-origin in human cancer is impossible—

therefore the best option is to use genetically engineered mouse models which phenocopy
the human disease. Precedent has been set for the ability of mouse models of glioma to
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closely recapitulate histology and gene expression profiles of human tumors [175]. If we
can identify and characterize the cells from which a mouse tumor arises, we may be able
to find their counterparts in corresponding human tissue. In that vein, given that our Ntva BSG mouse model closely phenocopies human BSG [41], we are interested in the cell
type from which this model arises, and whether the observation that these tumors highly
express Pax3 can provide any clues to their origin.
The regional expression pattern of Pax3 in glioma correlates with its expression in
the developing mouse brain [78], pointing to the possibility that the expression level of
Pax3 in different regions of the developing brain dictate its expression level in gliomas
arising in those regions. It is plausible that Pax3 is highly expressed in BSG because the
gliomagenesis process prevents its normal downregulation, although this has not been
directly tested.

In support of this, however, several populations of Pax3-positive

progenitor cells exist throughout the P3 mouse brainstem. A subset of these cells coexpress the stem/progenitor cell marker Nestin, particularly in the dorsal pons and
midbrain, locations in the mouse in which Pax3-High BSG are localized. As Nestin cells
are the targeted cell-of-origin for the BSG model used here, these data suggest that
Nestin+/Pax3+ progenitors may give rise to Pax3-High glioma in this mouse model.
Although a Nestin+ cell is a candidate cell-of-origin for human glioma [4], the cell
type(s) and the location of the cell(s) giving rise to human BSG specifically are still in
question. Nestin+ cells have been identified in the human ventral pons and floor of the
4th ventricle, the former of which has been speculated to represent cells-of-origin for BSG
[37]. This would be in contradiction, however, to a dorsal Nestin+/Pax3+ cell-of-origin
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as discussed here, and represents a limitation of our model. However we do not yet know
the identity or location of any Nestin+/Pax3+ progenitors in the developing human pons,
and as there are significant differences between mouse and human brainstem anatomy,
we cannot be certain that the dorsal Nestin+/Pax3+ progenitors identified here in the
mouse correlate with a dorsal location in the human pons. Indeed, it will be interesting to
determine if any of the Nestin+ cells in the human brainstem express Pax3.
Additionally, a murine Olig2+ progenitor cell in the ventral pons has been
suggested as a potential cell-of-origin for BSG [37], however preliminary data shown
here suggest that ventral pons Olig2+ cells do not express Pax3. It is possible, however,
that different subsets of BSG may arise from different cells, and there is likely not just
one cell-of-origin for BSG. Our mouse model recapitulates the characteristics of the
PDGFRα/oligodendroglial subtype of BSG, and therefore the data presented here may
shed light on the cell-of-origin for those tumors. Further investigation into the expression
of Pax3 along with other progenitor cell markers, throughout in the developing mouse
and human brainstem will be the focus of future studies to hopefully clarify these issues.
When Nestin progenitor cells are targeted for glioma initiation in the mouse
brainstem, a subset of the cells infected presumably express Pax3 at the time of infection,
generating tumors in which at least a subset of the cells continue to express Pax3. As the
immunofluorescence for Pax3 in the neonatal brain shows, however, the majority of Pax3
progenitors do not express Nestin. We found that with loss of Ink4aARF or p53, PDGFB overexpression in Pax3 progenitors of the Ptv-a brainstem led to glioma formation,
supporting the conclusion that Pax3 progenitors can serve as a cell-of-origin for BSG.
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The resulting tumors resemble high-grade BSG histologically as well as express the
glioma markers Olig2 and Nestin. The tumors tend to arise in the mid-ventral pons,
similar to the ventral pontine location of human BSG. Thus this novel mouse model of
BSG may be a more accurate representation of the human disease than the tumors derived
in the Ntv-a model, which usually encompasses the entire brainstem from dorsal to
ventral and include the midbrain.
A subset of Pax3 progenitors at P3 do also express Nestin, and therefore it is
possible that we are hitting the same cell population with both Ntv-a and Ptv-a strains of
mice.

However, the majority of Pax3 progenitors are Nestin-negative, and the

differences between the two models, as discussed further below, support the conclusion
that we are primarily targeting the Pax3+/Nestin- cells in the Ptv-a model. We cannot
rule out, though (and it is probable), that in the Ptv-a model, both Pax3+/Nestin- and
Pax3+/Nestin+ cells are infected, and the resulting tumors result from a combination of
both cells-of-origin. Indeed, a limitation to the RCAS/Tv-a system is that the number of
cells targeted with RCAS virus cannot be controlled, and thus there could be many
different cells-of-origin targeted in this model, in contrast to the human disease which
arises from one mutated cell. More specific lineage Tv-a drivers are needed in the future
in order to target a smaller population of cells and to ascertain the contribution of
different progenitor cells to the tumorigenesis process.
The differences noted between the Ptv-a and Ntv-a models suggest we are hitting
a different population of progenitor cells in the two models. While the two strains of
mice are on slightly different mixed genetic backgrounds and direct comparisons must be
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interpreted cautiously, the longer latency and lower penetrance of Ptv-a mice may be
indicative of Pax3+ progenitors being more differentiated and less proliferative than
Nestin+ progenitors.

Indeed, more differentiated cells have been shown to de-

differentiate upon exposure to certain genetic hits [4, 161, 176], which may take longer
than directly infecting a less differentiated cell. Also, without the addition of any tumor
suppressor losses, PDGF-B is not sufficient to generate tumors in Ptv-a mice, while it
does induce low-grade BSG in Ntv-a mice, suggesting that Nestin+ cells are inherently
more susceptible to tumorigenesis and that Pax3+ cells require stronger or more genetic
alterations in order to form a tumor. Alternatively, however, these differences could be
explained by an increased density of Nestin+ cells at P3 compared to Pax3+ cells, and
there could exist a different set of genetic alterations that might transform Pax3+ cells
more efficiently.
Overall, there were few significant gene expression differences found when
comparing the end-stage Ptv-a and Ntv-a tumors, suggesting that they may be similar.
The surprising observation that Ptv-a tumors actually express lower levels of Pax3 than
Ntv-a tumors indicate that, contrary to what we would have predicted, Pax3-High tumors
in mice and humans are more aptly represented by the Ntv-a model, and may not
necessarily arise from the type of Pax3+ progenitor cell targeted in the Ptv-a model.
Although currently we cannot explain the mechanism for how Pax3 is downregulated in
Ptv-a tumors, it could potentially be a result of initiating tumorigenesis in a more
differentiated cell type or to inhibitory factors present in the ventral pons.
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The increased Hoxa2-6 expression in Ptv-a tumors also provides evidence that
these two models are distinct.

Hoxa gene expression patterns change during

differentiation to control hindbrain development and neuronal cell fate—Hoxa genes are
primarily repressed in embryonic stem cells, with the 5’ genes (Hoxa7-13) being turned
on early and 3’ genes (Hoxa1-6) being turned on later during neuronal differentiation
[177, 178]. Therefore, increased Hoxa2-6 may indicate that the Ptv-a tumor cells belong
to a more differentiated neuronal progenitor lineage, which could result from initiating
tumorigenesis in a more differentiated cell-of-origin. To investigate this further, staining
of BSG cells in the Ptv-a model and Pax3 progenitors in the P3 mouse brainstem for
neuronal lineage markers, as well as fate-mapping studies of Nestin+ and Pax3+
progenitors during brainstem development would increase our understanding of the
relationship between these two populations of cells.
Interestingly, the Ptv-a and Ntv-a end-stage tumors both express high levels of
Nestin and Olig2, suggesting that these two tumor types ultimately may arise from a
Nestin+ cell and/or an OPC. Given that Pax3+ progenitors in the pons do not express
Olig2 at the time of infection, this suggests that in this model the cell-of-mutation (the
cell that is initially infected) and cell-of-origin (the cell that becomes transformed and
expands to form the tumor) may be different, as has been suggested in other mouse
models [170]. Although we believe the cell-of-mutation for the Ntv-a and Ptv-a models
are different, we do not yet know the identity of the cell-of-origin for these two models.
Changes can occur in cells as they progress from the cell-of-mutation to the cell-of-origin
to tumor cells such that the markers expressed on the tumor cells may not reflect markers
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expressed in the original cell mutated or transformed. Regardless, it is intriguing to
speculate, given the same genetic alterations, whether the initial cell-of-mutation has any
impact on the end stage tumors. If not, then that would suggest that the majority of the
heterogeneity in human glioma might arise from differences in genetic alterations or
extrinsic factors as opposed to cellular origins. In order to shed light on this, a future
direction of our lab is to compare gene expression profiles of our various models of BSG
with human samples to ascertain which one(s) most closely resemble the human disease.
These studies, while providing compelling information and leading to interesting
speculation regarding the cellular origins of BSG, lead to countless more unanswered
questions requiring further experimentation. It is clear that we are far from unequivocally
identifying the cell-of-origin for glioma in general, or BSG specifically, and that more
precise experimental tools are required in order to achieve this goal. It is also clear that
there are most likely many different cells-of-origin leading to different subsets of glioma,
either in different regions of the brain or even within the same region. What is not clear
is the relative importance of the cell-of-origin in terms of learning how to treat this
deadly disease. If the cell-of-origin dictates a large percentage of the heterogeneity of
brain tumors, than understanding the cells from which each type of tumor arises will give
researchers important insights into the biology of the tumor and potential approaches for
therapeutics. If, however, tumor identity is driven more by genetic alterations or regional
characteristics than by the cell in which those changes occur, than we may be better
served focusing on the former aspects of tumor biology to give us insight into treatment
strategies.
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5.4 Materials and Methods
5.4.1 Mice
Ntv-a and Ntv-a;p53fl/fl mice have been described [40, 41]. Pax3-Tva (Ptv-a)
mice have been described [173], and were bred to Ntv-a;Ink4aARF-/- mice [41] to remove
the Ntv-a allele and generate Ptv-a;Ink4aARF-/- mice. Ptv-a mice were also bred to
p53fl/fl mice (C57BL/6J background, from Jackson Labs) to generate Ptv-a;p53fl/fl mice.
Olig2-eGFP-L10a mice [108, 109] were bred to Ntv-a;Ink4a-ARF-/- mice to generate
Ntv-a;Ink4a-ARF-/-;Olig2-eGFP-L10a mice. Nestin-CFPnuc mice have been previously
described, and express the cyan fluorescent protein fused to a nuclear localization signal
under the control of the regulatory elements of the Nestin gene [174]. For genotyping,
gDNA was isolated from mice using the REDExtract-N-Amp Tissue PCR Kit (Sigma)
per the manufacturer’s protocol, using previously published primers. All work with mice
was done in accordance with the Duke University Animal Care and Use Committee and
the Guide for the Care and Use of Laboratory Animals.

5.4.2 RCAS/Tv-a Glioma Mouse Modeling
DF1 cells (ATCC) were cultured and transfected with RCAS plasmids as
described [40] using Fugene 6 or X-TremeGENE 9 (Roche). RCAS-Y, RCAS-PDGF-B,
and RCAS-Cre plasmids are described [112]. RCAS-H3.3-K27M plasmid was generated
by the C. D. Allis lab (The Rockefeller University, New York) [42]. Generation of
PDGF-B-induced brainstem glioma [40, 41] and cerebral cortex glioma [103] were as
described. Briefly, 1x105 DF1 cells transfected with RCAS plasmids and producing
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RCAS viruses, were injected into the brainstem or cerebral cortex of neonatal Ptv-a pups
(postnatal day 2-4) in 1µL volume using a custom Hamilton syringe. Combinations of
viruses were injected at a 1:1 or a 1:1:1 ratio, and RCAS-Y transfected DF1 cells were
used as a negative control. Injected mice were monitored daily and euthanized with CO2
upon appearance of signs of brain tumors (enlarged head, ataxia, weight loss up to 25%)
or at 12 weeks post-injection in the absence of symptoms.

5.4.3 FACS of Olig2-eGFP-L10a P3 Brainstem
Brainstem (including the midbrain and pons) from P3 Ntv-a;Ink4aARF-/-;Olig2eGFP-L10a pups was isolated and dissociated into a single cell suspension as described
[40]. Briefly, tissue was digested in papain (Worthington) and DNAse (Sigma Aldrich)
at 37°C, followed by three cycles of triturations in ovomucoid (Worthington) and
centrifugation at 600rpm. The resulting cells were passed through a 70µm strainer, an
aliquot of cells was set aside for the unsorted control, and the remainder of cells were
sorted using a FACSVantage sorter (BD Bioscience) by the Duke Cancer Institute Flow
Cytometry Core into GFP+ and GFP- populations. Cell populations were centrifuged,
washed in PBS, snap frozen and stored at -80°C for mRNA isolation.

5.4.4 Immunofluorescence
Ntv-a or Nestin-CFPnuc pups were sacrificed at P3 and their whole brains were
fixed in 4% PFA in PBS for 24 hours, cryopreserved in 30% sucrose in PBS for 24-48
hours, followed by embedding in OCT on dry ice/ethanol. Blocks were sectioned using
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either a Shandon or Leica Cryostat into 12 µm thick sections in a sagittal orientation.
Sections were rehydrated in PBS-T (0.1% Triton-X100) and blocked in PBS-T with 10%
normal goat serum. Primary antibodies were diluted in PBS-T with 1% BSA overnight at
4 degrees, and secondary antibodies were diluted in PBS-T for 1 hour. Antibodies used
were anti-PAX3 (DSHB, concentrated form, 1:200), anti-GFP (Invitrogen, 1:200), antiKi67 (BD Biosciences, 1:100), and anti-Olig2 (Millipore, 1:250); AlexaFluor-488 and 594 secondary antibodies (Invitrogen) were used at 1:200. Slides were mounted with
Vectashield with Dapi (Vector Laboratories) and imaged using a Zeiss Axio Imager.
In order to quantify PAX3 and Nestin expression, three Nestin-CFPnuc P3 mice
were analyzed.

High-powered (20x) pictures of the PAX3-expressing cells in each

brainstem region (midbrain, dorsal pons, mid pons, and ventral pons) were taken, 1-3
images per region per section, until at least 6 sections were represented for each region.
All pictures were taken using a Zeiss Axio Imager and consistent camera settings. For
the cerebral cortex, 2 random 20x images were taken in at least 6 sections per mouse.
Using Metamorph Premier software, a threshold was set for positive Nestin and PAX3
staining in each image. For each marker, the same threshold was applied to each image
across the dorsal, mid, and ventral pons regions for each section. For the midbrain
region, the threshold for PAX3 was consistently lowered slightly to accommodate a
lower intensity of the PAX3 staining compared to the other regions. The threshold for
Nestin staining in the cerebral cortex was set separately, and remained the same for all
sections and all mice. There was no positive nuclear PAX3 staining in any cerebral
cortex section. The positive nuclei (size > 200) for each marker were then counted using
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Integrated Morphometry Analysis.

A color threshold was then applied to each

Nestin/PAX3 overlay (the same threshold was used across regions for each section), and
the number of double-positive cells were counted as described above. The cell counts for
each region per section were totaled, and the percentage of Nestin+ cells that were double
positive per region was calculated.

The percentages were averaged together across

sections of the same mouse to generate a mean percentage for each region per mouse.

5.4.5 In vitro infection of brainstem progenitors with RCAS viruses
Normal brainstem was isolated from Ntv-a postnatal day 3 (P3) pups and was
digested and dissociated as described in Chapter 2 and [40]. Tissue was digested in
papain (Worthington) and DNAse (Sigma Aldrich) at 37°C, followed by three cycles of
triturations in ovomucoid (Worthington) and centrifugation at 600rpm.

Cells were

cultured in DMEM supplemented with 10% FBS, 2mM L-glutamine, 100 units/mL
penicillin and 100mg/mL streptomycin at 37°C and 5% CO2, and passaged a maximum
of 3 times for experiments.
To concentrate RCAS viruses, DF1 cells transfected with RCAS plasmids were
passaged a minimum of 6 times from transfection, and then passaged 1:12. After 3 days,
virus-containing media was harvested, centrifuged to remove cell debris, filtered through
0.45µm pores, and concentrated 100-fold using Retro-X Concentrator (Clontech) per the
manufacturer’s instructions.
Brainstem progenitors were plated and infected with RCAS viruses at 1:100.
Cells were harvested 3-5 days post-infection for RNA Isolation with RNeasy Mini kit
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(QIAGEN) per the manufacturer’s instructions. All experiments were done a minimum
of three times on at least three independent preparations of progenitor cells.

5.4.6 Tumor grading and immunohistochemistry
Tumor samples fixed in 10% formalin were embedded in paraffin by the Duke
Pathology Core and cut into 5 µm thick sections using a Leica RM2235 microtome.
H&E staining was performed using standard protocols. Tumor grading was done using
the following criteria: Grade II glioma indicated by increased cellular density only;
Grade III glioma indicated by the presence of microvascular proliferation; Grade IV
glioma indicated by the presence of pseudopalisading necrosis. Immunohistochemistry
(IHC) was performed using an automated processor (Discovery XT, Ventana Medical
Systems, Inc.).

Antibodies used were anti-Olig2 (Millipore) and anti-Nestin (BD

Pharmingen).

5.4.7 Real Time RT-PCR
Cell pellets were processed for mRNA isolation using the RNeasy Mini kit
(QIAGEN) per the manufacturer’s protocol. cDNA was synthesized from total mRNA
using SuperScript II and OligodT primer (Invitrogen). qRT-PCR reactions were set up
with iQ SYBR Green Supermix (BioRad) and run on a Bio-Rad iQ5 Multicolor RealTime PCR Detection System. Primers are shown in Table 4. Relative gene expression
levels were generated using the ΔΔCt method [117] using Actin as the reference gene.
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5.4.8 Statistical analysis
Statistics were calculated using GraphPad Prism 5 software. In vitro assays were
performed a minimum of 3 times using cells from at least 3 independent P3 litters. Data
are represented as the mean with SEM, using student’s paired t-test. qRT-PCR data on
tumor samples was analyzed using student’s unpaired t-test. Kaplain Meier survival
curves were compared using the log rank test. *=p≤0.05, **=p≤0.01, ***=p≤0.001,
****=p≤0.0001.
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6. Conclusions and Future Directions

Gliomas are an incredibly diverse group of malignancies, arising throughout
many different regions of the CNS and occurring at any age. Brainstem Glioma (BSG)
represents a particularly malignant and lethal pediatric brain tumor for which there is no
cure or treatment beyond palliative radiation therapy.

With the landscape of BSG

research changing in recent years as a result of increased sample acquisition, it is
becoming clear that this disease is characterized by unique genetic and epigenetic
alterations as compared to pediatric gliomas arising elsewhere in the brain. Factors
potentially contributing to such brain tumor heterogeneity include (1) different genetic
alterations initiating and/or driving tumorigenesis, (2) distinct cells-of-origin, (3) regionspecific differences in the cell-of-origin, (4) region-specific extrinsic factors in the
stromal microenvironment, or as is most likely the case, (5) combinations of all of the
above [1].

As more and more data is uncovered regarding the biological basis of

individual gliomas, it is becoming clear that there exist both intraregional and
interregional heterogeneity, which may be explained by different combinations of
variables.

Intraregional differences, for example the differences between an

oligodendroglial BSG and a mesenchymal BSG, are most likely explained by either
distinct genetic hits or cells-of-origin. Interregional differences, for example distinctions
between gliomas arising in the brainstem versus the cerebral cortex, on the other hand,
may also be explained by region-specific characteristics of the cell-of-origin or stromal
compartment.
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In an effort to gain insights into the unique mechanisms and cellular origins of
BSG and to further distinguish the disease from pediatric supratentorial glioma, we
compared expression profiles of mouse gliomas induced in the brainstem and cerebral
cortex by targeting the same genetic alterations to the same cell type. We found a small
number of genes differentially expressed between the two types of tumors, and
hypothesized that some of these genes may be relevant to the tumorigenesis process of
BSG, particularly the genes also differentially regulated between the Olig2 tumor cell
compartments. It is striking that despite maintaining constant genetic alterations (ectopic
PDGF-B expression and Ink4aARF loss) and cells-of-origin (Nestin-expressing neural
stem/progenitor cells), there were still interregional differences between the resulting
tumors. Within the framework of the simplistic model of tumor heterogeneity discussed
above, these differences can be attributed to either intrinsic differences between the
Nestin cells-of-origin or the stroma of the brainstem and cerebral cortex.
There were 23 genes found differentially expressed between mouse gliomas
induced in the cerebral cortex and brainstem. Of these, 11 genes were not differentially
expressed between the purified Olig2 brainstem and cerebral cortex glioma cells, a list
which included Bmp4. These genes may represent region-specific differences in the
stromal compartments that are contributing to interregional differences in the tumors.
The contribution of stromal cells to tumor biology, although not studied here, is an
important area of research with the potential to yield valuable insights into treating the
disease, and should be a focus of future investigations.
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Conversely, we focused on the differences inherent to the Olig2 tumor cell
compartments, which consisted of 9 genes, including Foxg1, Irx5, and Pax3. Foxg1
seems to be a cerebral cortex specific marker of both normal and glioma tissue, and so we
do not believe it plays a role in the tumorigenesis process in the brainstem. However Irx5
and Pax3 are two of the brainstem-specific gliomagenesis genes identified in this screen,
the differential expression of which may represent region-specific characteristics of the
Nestin-expressing cells-of-origin of these tumors. Although we did not investigate Irx5,
the data presented in the preceding chapters detailing the expression of Pax3 in Nestin
progenitors of the neonatal mouse brainstem, and the lack of expression in the cerebral
cortex, support this conclusion.
Based on this interpretation, we can presume (although not definitively conclude)
that human BSGs that express high levels of Pax3 arise from a Nestin+/Pax3+ cell, which
sheds light on the biology of the Pax3-High subset. Our studies with the Pax3-Tv-a
mouse model suggest that targeting Pax3-expressing progenitor cells generates tumors
that are counter-intuitively Pax3-Low, which could contradict the previous conclusion.
However it is possible that the Pax3-Tv-a model targets primarily Pax3+/Nestin- cells,
which may be more differentiated that Pax3+/Nestin+ cells, and that the tumors arising
from these more differentiated Pax3-expressing cells are somehow distinct from those
arising from the less differentiated Pax3-expressing cells. The Pax3-Tv-a model of BSG
introduced here phenotypically resembles the human disease in that it arises in the ventral
pons and expresses glioma markers Nestin and Olig2, and thus represents an important
tool for BSG research. However, based on the data generated thus far, it seems that the
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Nestin-Tv-a model is more apt at representing the Pax3-High subset of human tumors. It
remains to be seen what subset of BSG the Pax3-Tv-a model most closely resembles.
The Pax3-High subset of human BSG identified here represents a clinically
relevant subset of patients with DIPG (high-grade BSG arising in the pons). These
patients harbor tumors that are more likely to present at an older age than Pax3-Low
tumors, and that commonly contain the H3.3-K27M mutation (82%), p53 loss (82%),
PDGFRA alterations (64%), alterations in cell cycle regulatory genes (64%), and, at least
in our small cohort, never contain mutations in H3.1-K27M, ACVR1, or PPM1D. These
data provide us with a compelling portrait of Pax3-High tumors in humans and give
insights into how they may be treated. In terms of the classification schemes currently
under

discussion

for

BSG,

Pax3-High

tumors

are

a

subset

of

the

Oligodendroglial/PDGFRA subset that associate with H3.3-K27M mutations and are
exclusive of ACVR1 and H3.1-K27M mutations (Figure 43). Much effort is currently
underway to understand the oncogenic mechanisms behind the H3.3-K27M mutation in
BSG, and these efforts, if fruitful, will be applicable to the Pax3-High subset. However,
in addition to harboring the H3.3-K27M mutation, there may be biological mechanisms
underlying these tumors stemming from Pax3 expression, and it is our belief that these
mechanisms hold promise to uncovering novel approaches to treat this disease.
In BSG cells arising from enhanced PDGF-B signaling in Nestin+/Pax3+
progenitor cells, in vitro and in vivo studies indicate that Pax3 supports the survival and
proliferation of tumor cells, and although not studied here, may be maintaining tumor
cells in an undifferentiated state more conducive to the oncogenic effects of PDGF
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signaling. Although the tumor cells are not completely dependent upon Pax3 expression
and are able to circumvent the loss of Pax3 function, it is possible that Pax3, or its
upstream or downstream signaling partners, represent potential therapeutic targets in
BSG that may provide a clinical benefit if used in conjunction with additional treatments.
The fact that Pax3 expression is low or absent in adult tissues makes therapies targeting
Pax3 conceptually appealing in that they will not likely impact normal cells.
Although pharmacological agents against Pax3 have not been developed,
inhibiting Pax3 in vitro using siRNA was shown to augment the effects of
chemotherapeutic agents on neuroblastoma cells [95] and melanoma cells [91] in vitro.
This has not yet been shown in an in vivo model of tumorigenesis, nor yet is using
siRNA-mediated knockdown of genes in human patients a practical or viable therapeutic
option, however it provides precedent that in concept this approach could work. As
previously discussed, the function of Pax3 in many cancers (including BSG) may be
through protein-protein interactions, (for example with p53 as discussed here, or pRB as
discussed in [179]), which have been shown to be amenable to pharmacological
inhibition [180]. In addition, it is possible that interactions among the protein domains of
Pax3 (paired domain, homeodomain, and octapeptide regions) are necessary for its
tumorigenic function—this has been suggested as an explanation for the lack of a
tumorigenic role for group I/IV Pax genes which do not contain all three domains in their
entirety [71].

Targeting one or more of these domains may be another tool for

therapeutic intervention [71]. Lastly, although in mice there are only two alternative
Pax3 transcripts, in humans there are at least 7 transcripts resulting from alternative
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splicing [73, 181, 182]. We have not yet investigated which splice variants are present in
human BSG patients, and whether or not these variants provide differential functions to
tumor cells.
In addition to targeting Pax3 itself, another potential avenue for translational
research could be to target upstream or downstream signaling partners of Pax3. For
example, as we have found here, Pax3 expression in BSG may be a biomarker for Wnt
pathway activation, the inhibition of which has been extensively studied in the context of
cancer [134]. As the studies here demonstrate, however, targeting a single oncogenic
pathway can result in tumor cells turning on alternate pathways to compensate, thus
providing resistance to a single inhibitor. If Wnt pathway inhibitors are pursued in
preclinical and subsequently clinical trials for BSG, combining them with Shh pathway
inhibitors is warranted.
There are examples from the literature in which additional mechanisms both
upstream and downstream of Pax3 have been documented. Upstream of Pax3 is PI3K in
melanoma cells [143], N-Myc in neuroblastoma [183], and YAP during normal
embryogenesis [184], the last of which has been implicated as an oncogene in cancer
[185]. Also in melanoma cells, phosphorylation of Pax3 at several different residues was
shown to play a functional role in cell proliferation, invasion, and anchorage-independent
growth [186], suggesting that these post-translational modifications may control the
tumorigenic function of Pax3. Downstream targets of Pax3 in RMS and melanoma
include cMET, Bcl-xL, and PTEN [95, 119, 187, 188]. Although the p53-dependent
mechanism by which Pax3 inhibits apoptosis in many cancer cells including BSG is well
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documented, the mechanism controlling its effects on proliferation of BSG cells in the
absence of p53 is not yet understood. All of these observations represent potential
avenues for future research into the mechanisms of Pax3 function in BSG.
With this work we have identified Pax3 as being an important regional marker in
pediatric glioma. It is expressed at high levels in a clinically relevant subset of BSG, in
which it enhances PDGF-induced tumorigenesis.

Its regional expression pattern in

glioma is likely reflective of its regional expression during normal neonatal brain
development and its differential expression in brainstem versus cerebral cortex Nestinexpressing stem/progenitor cells, a potential cell-of-origin for glioma. This highlights an
inherent regional difference in Nestin cells that drives interregional glioma heterogeneity.
Future elucidation of the mechanisms upstream and downstream of Pax3 both during
normal CNS development and during brainstem gliomagenesis will lend insight into
potential avenues for therapeutic intervention in this deadly disease. These observations,
along with the plethora of recent work characterizing genetic alterations and subsets of
BSG, highlight the growing necessity of incorporating individualized therapy for these
tumors on the basis of biopsy sampling. We hope that this marks the beginning of a new
era in both BSG research, with ample human material and biologically relevant mouse
models with which to work, as well as BSG treatment, applying the advances made in
research towards individualized therapy to improve patient outcome.
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Figure 43. Classifications of Brainstem Glioma including the Pax3-High Subset.
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