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Abstract

Medulloblastoma is the most common malignant brain tumor in children. The
understanding of the genetic alterations in this tumor is emergent, and many such
genetic driver events have yet to be functionally -characterized. Our studies have sought
to understand the causes and consequences of OTX2 dysregulation in established
medulloblastomas and in its putative cellular origins. Using a tumor genetic approach,
we have uncovered frequent OTX2 copy humber gains driving expression of this
oncogene in a subset ofmedulloblastomas. However, OTX2 is frequently expressed in
medulloblastomas independent of genomic copy number gain, and we thus sought to
understand the transcriptional regulation of this gene in these tumors. We have found
that chromatin accessibility, promoter DNA methylation, and activity of a distal
downstream enhancer is distinct between OTX2-expressing and -nonexpressing
medulloblastomas. Notably, autoregulation serves to maintain OTX2 expression in some
medulloblastomas, whereas DNA methylation acti vely suppresses OTX2 in tumors not
expressing this gene. Finally, we desctibe the effect of expressing Ot (the mouse
homolog of OTX2) aberrantly in the developing mou se hindbrain, revealing that Otx 2
disrupts spatiotemporal restrictions of neuronal proge nitor cell proliferation. The effect
of Otx2in vivo is transient, with ectopically -proliferating cells give way to differentiated

neurons. We found that OTX2 expression was not able to give rise to high penetrance



medulloblastoma when combined with P53deletion or double heterozygosity for P53
and PTEN. Thus, although Otx2 alters migration and proliferation dynamics of
hindbrain neuronal progenitor cells, further studies are needed to identify the genetic

alterations that cooperate with this oncogene to give rise to medulloblastoma.
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1. Introduction

1.1 Permissions and collabor ations

This dissertation contains reproductions of copyrighted material published
elsewhere, with permission from each copyright holder if necessary, as described inthe
Appendix . This dissertation encompasses experiments and analysis performed by the
candidate with technical and material contributions from colleagues andcollaborators as

described in the Acknowledg ements.

1.2 The emerging genetic landscape of medulloblastoma reveals
OTX2 as a candidate for non-Shh medulloblastoma animal
modeling and therapeutic targeting

Medulloblastoma is the most common malignant brain tumor in children,
manifesting in the cerebellum and occurring at a peak age of seven(Kleihues et al. 2002;
Pietsch et al. 2004) These tumors are aggressive and tend to metastasizéhroughout the
craniospinal axis, leading to significant morbidity due to excessive intracranial pressure
and disruption of central nervous system (CNS) functions. Early symptoms of
medulloblastoma include blurred vision, headaches, and vomiting, and untre ated
disease is nearly invariably lethal due to eventual failure of autonomic cycles.
Accordingly, aggressive treatment regimens including resection, radiation, and
traditional chemotherapy have been applied to combat the primary tumor and its
metastases.achieving 5-year survival rates of 50-60% (Packer et al. 1991; Gajjar et al.

2004; Packer and Reddy 2004; Ray et al. 2004jowever, in addition to the common
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morbidities associated with aggressive cancer therapy, long-term side effects are
profound in the se young patients who additionally suffer from endocrine disorders
growth impairment, mutism, reduced intellectual development, and a risk for secondary
tumors (Hoppe -Hirsch et al. 1990; Ris et al. 2001; Stavrou et al. 2001; Xu et al. 2004;
Packer et al.2012) Despite extensive cytotoxic treatment, medulloblastoma remains one
of the main causes of carter deaths in young children (Zakhary 2001). Thus, therapeutic
strategies exhibiting increased efficacy and reduced comorbidities would p rovide
tremendous benefit for medulloblastoma patients.

Targeted therapeutics have shown promise to achieve this end in the treatment
of a variety of tumors. Limiting drug targets to those unigue to tumors could
substantially reduce side effects relative to radiation and nonselective chemotherapy.
For example, promyelocytic leukemias depend upon the PML -RAR (Promyelocytic
Leukemia-Retinoic Acid Receptor) fusion protein for tumor maintenance, and activation
of the chimeric receptor with 13 -cisretinoic acid results in a nearly complete cure rate
with minimal side effects (Fenaux et al. 1995) However, the development of targeted
therapeutics to most other tumors has been slow to emerge largely due to a poor
understanding of the genomic events distingui shing tumors (and their various subtypes)
from normal cells. As proof of principle, medulloblastomas exhibiting hyperactivation of
the Shh pathway have been shown to respond to Shh pathway inhibitors (Rudin et al.

2009) However, activation of this pathway occurs in only a subse t of medulloblastomas



(Northcott et al. 2011), and thus an improved understanding of the pathways driving
non-Shh medulloblastomas is critical to the design of targeted therapeutics for these
tumors.

Due to advanced technology and progressively-expanding tissue banks,
substantial progress has been achieved in the chaacterization of the medulloblastoma
genome (Northcott et al. 2011; Jones et al. 2012; Northcott et al. 2012; Pugh et al. 2012;
Robinson et al. 2012) These studies have highlighted a number of complementary
observations about the medulloblastoma genome. First, medulloblastoma comprises at
least four molecular subtypes based on gene expression profiling, and each subtype
exhibits distinct survival tendencies, patient demographics, and molecular alterations
(described in Chapter 2.1). One of themost frequent gene-targeted alterations identified
in the medulloblastoma genome is gain of copy number of orthodenticle homolog 2
(OTX2), observedin 21% of primary tumors, in particular those not express ing a
signature of Sonic Hedgehog (Shh) pathway activation (Adamson et al. 2010) As such,
our lab has pursued the characterization of OTX2 gene function to understand its role in
medulloblastoma pathogenesis, revealing that it promotes tumorigenicity and is
required for tumor maintenance (Adamson et al. 2010)

As a potential target for selective therapeutics, we have sought to define the
mechanisms whereby OTX2 is aberrantly transcribed in these tumors, with the goal of

identifying strategies of suppressing OTX2 expression and thus its function. This



approach is exemplified by the observation that retinoids can suppress OTX2 during
both embryonic patterning (Simeone et al. 1995and in medulloblastoma (Di et al. 2005;
Bai et al. 2010) The failure of retin oid s to robustly suppress xenograft growth (Spiller et
al. 2008; Bai et al. 20103uggests that identifying alternative strategies of repressing
OTX2, or understanding the intermediaries of retinoid -induced OTX2 repression, would
be beneficial to the design of OTX2-based therapeutics for medulloblastoma.
Additionally, we are interested in understanding how OTX2 contributes to the
formation of non -Shh medulloblastomas, where it is uniquely expressed. Although a
role for OTX2 in the maintenance of established tumors is clear, the potential for OTX2
to contribute to tumor initiation or tumor promotion is unknown. Broad expression of
OTX2 within medulloblastoma samples is suggestive of a potential for the tumor bulk to
have inherited OTX2 expression from the tumor cell of origin. Reminiscent of other
developmental pathways involved in medulloblastoma initiation (Thomas and Capecchi
1990; WechslerReya and Scott 1999; Yang et al. 2008; Gibson et al. 201@TX2 plays
important roles in development of the hindbrain (Fossat et al. 2006)patrticularly in
patterning the midbrain -hindbrain junction (Acampora et al. 1997; Broccoli et al. 1999)
and in mediating foliation of the cerebellum (Fossat et al. 2006)OTX2 function exhibits
strong contextual dependence, likely mediating particular cellular phenotypes through
the integration of various signals of regionalization and developmental stage. Following

neural tube regionalization, OTX2 functions cell -autonomously to coordinate the



proliferati on and differentiation of neuronal progenitor ¢ ells contributing to
mesencephalon-derived tissues such as the inferior and superior colliculi and the
posterior cerebellum (Hidalgo -Sanchez et al. 1999; Vernay et al. 2005; Fossat et al. 2006;
Omodei et al. 2008) Specifically, OTX2 can sugpress the generation of granule and
serotonergic neurons and can promote the generation of dopaminergic neurons

(Omodei et al. 2008)in a location-dependent manner. While OTX2 promotes
proliferation of ventral midbrain neuronal progenitor cells (Vernay et al. 2005) it
suppresses proliferation in the thalamus (Puelles et al. 2006) Emerging granule neuron
precursors (GNPs) of the posterior external granule layer (EGL) express OTX2(Simeone
et al. 1993; Frantz et al. 1994)and maintain OTX2 expressioninto adulthood (Fossat et
al. 2006) Notably, OTX2 does not uniformly contribute to cell proliferation or other
phenotypes critical to tumorigenesis or tumor promotion such as is observed for various
classical oncogenes. These contextpecific functional roles of OTX2 underscore the
importance of studyi ng its oncogenic activity in the anatomical origin of
medulloblastoma, the developing hindbrain. As such, for studies of the role of OTX2 in
transformation, we sought to determine the functional consequences of aberrant OTX2

expression in this particular d evelopmental context.



2. Characterizing OTX2 genetic alterations and
functional consequences in established
medulloblastomas

2.1 Introduction: Recurrent genetic alterations in Group 3 and 4
medulloblastoma sub types

Over the course of the last decade, the iderstanding of the genetic alterations
that contribute to medulloblastoma have advanced considerably. While histological
variants of medulloblastoma (e.g. nodular/desmoplastic, classic, and large
cell/anaplastic) (Kleihues et al. 2002)and variability of survival outcomes (Eberhart and
Burger 2003)have been appreciated for some time, the extent of heterogeneity among
medulloblastomas has only recently been understood at the molecular level. Various
complementary studies have revealed at least four molecular subgroups of
medulloblastoma that harbor distinct genetic alterations, patient demographic
indicators, and survival trends (Northcott et al. 2011). Specifically, medulloblastomas of
the Wnt subgroup, so named due to the frequent activating mutations in ¢-catenin and
consequent hyperactivation of the Wnt pathway, tend to exhibit the best outcomes of all
medulloblastomas. Shh subgroup tumors, which exhibit intermediary survival trends,
tend to harbor activating mutations or copy number alterations in Shh p athway
regulators such asSUFU, PTCH1, and MYCN. P53mutations are also enriched in these
tumors (Jones et al. 2012)Group 3 and 4 medulloblastomas comprise tumors with either

very poor (Group 3) or intermediate (Group 4) outcomes. As indicated by their a rbitrary



names, Group 3 and 4 tumors exhibit relatively few recurrent genetic alterations in well -
defined signaling pathways, with a major distinction between these tumors being
frequent copy number gain and overexpression of MYC in Group 3 tumors (Northcott et
al. 2011; Robinson et al. 2012)Although MYC, MYCN, and OTX2 genetic alterations
have been described in Group 3 and 4 medulloblastomas(Northcott et al. 2012;
Robinson et al. 2012) additional recurrent genetic alterations in these subgroups remain
enigmatic. Although evidence is accumulating for frequent alterations of chromatin
modifier genes such asCHD7, EZH2, MLL2/3, and UTX across the medulloblastoma
subgroups (Jones et al. 2012; Pugh et al. 2012; Robinson et al. 201&2)e functional
consequences of these alterations and the mechanistic relationships among them remain
unknown.

Our studies have focused on OTX2 copy number gain and overexpression in
medulloblastoma, which was first identified in our lab using digital karyotyping  (Di et
al. 2005) and then validated and functionally characterized in subsequent studies
[(Adamson et al. 2010) to which this chapter refers]. The frequency of OTX2 alterations
in Group 3 and 4 medulloblastomas and the ubiquitous nature of its overexpression in
non-Shh medulloblastomas (Adamson et al. 2010; Northcott et al. 2011)indicates it is
functionally relevant to a broad spectrum of these tumors. In these studies, we have
assessedOTX2 genetic alterations in medulloblastoma and functionally characterized

this oncogene using standardin vitro and tumorigenicity assays.



2.2 Methods
2.2.1 Medulloblastoma samples

Primary medulloblastomas were obtained from the Duke University Medical
Center Brain Tumor Biorepository and the Hospital for Sick Children, Universit y of
Toronto, in accordance with Internal Review Board (IRB) -approved protocols. Fresh-
frozen samples (n=201) and medulloblastoma cell lines (n=11) were processed at the
Centre for Applied Genomics at the Hospital for Sick Children for 100K or 500K
Affymet rix Genechip SNP (Single Nucleotide Polymorphism) array analysis as
previously described (Northcott et al. 2009b). For gene expression analysis (n=103), RNA
was processed and hybridized to Affymetrix Genechip Human Exon 1.0 ST Arrays, and
then classified using unsupervised hierarchical clustering as described in (Northcott et

al. 2009a; Northcott et al. 2011)

2.2.2 Cell culture, transfections, and xenografts

, 1 EUOOOEOEUUOOEWETI OOUwPI Ul wEUOUUUI EwbOwhA w(
Option Medium (MEM -ZO) supplemented with 10% fetal bovine serum (FBS), 1%
HEPES, and 0.22% NaHCQ. All transfections were carried out with Lipofectamine 2000
EEEOQUEDPOT wOOwUT 1 wOEOUI EEUOUUI Uz UwbOUUUUEUDOOUG w
density of 2 x 10 cells/well in 6-well plates and harvested 48h following transfection. For

MTT assays, cells were plated at 18cells/well in 24-well plates, and then assessed for

viability at the indicated times based on reduction of 3 -[4,5-dimethylthiazole -2-yl]-2,5



diphenyltetrazoli um bromide. For retinoic acid experiments, cells were treated with 13 -
cisretinoic acid (Sigma) for the indicated times and then assessed for viability and OTX2
MRNA level using the MTT assay and reverse transcriptase (RT) followed by
guantitative PCR (gPCR), respectively. RT was carried out on 149 of total RNA using
the BioRad iScript kit, and cDNA was amplified in an ABI 7900 HT Fast Real-Time PCR
System using Kapa reagents and SYBR green detection.

For xenograft tumorigenicity assays, 10’ medulloblastom a cells were transfected
with pSUPER vectors harboring either scramble or OTX2 shRNA sequences, and then
stereotactically injected into the cortical hemisphere of athymic nude mice. Animals
were then monitored for symptoms of brain tumor formation and sacr ificed when
symptomatic. Brains were fixed overnight in neutral buffered formalin, paraffin
embedded, and then sectioned.

RKS3E rat kidney epithelial cells were maintained in DMEM supplemented with
10% FBS. Stable OTX2xpressing cell lines were generatedby transfection with pEGFP -
N1 or pEGFP-OTX2, selection with 5004 g/ml Geneticin for 4 -5 weeks, and then plating
at clonal density to establish monoclonal cell lines expressing GFRtagged OTX2 or GFP
alone. For colony formation assays, 5 x 10 cells were plated onto 24-well plates, and the
number of colonies per plate was determined after cells were allowed to grow for two
weeks. For xenograft tumorigenicity assays, 10 cells were stereotactically injected into

the cortical hemisphere of nude mice and the mice were sacrificed 18 daysfollowing



transplantation for harvesting of brains and subsequent histological analysis. Brains

were processed as described above.

2.2.3 Retrovirus production and infection

pPBABE retroviruses were generated as described in(O'Hay er and Counter 2006)
Briefly, HEK293T cells were transfected on consecutive days with 34 g of pCL10A1
helper plasmid and 3 % g of pBABE viral cargo plasmid (either empty or containing
OTX2 cDNA) using Fugene 6. Viral supernatants were collected 24 and 48 hours
following final transfection and stored at -80 °C. Supernatants were thawed and added
to D425 medulloblastoma cells, which were selected with 254 g/mL Geneticin for 6 days

prior to experiments.

2.2.4 Western blotting and immunohistochemistry

Sections of paraffin-embedded brains were stained for Ki67 (Lab Vision) or
biotinylated OTX2 (R & D) using standard immunohistochemist ical techniques. For
Western blotting, cell lysates were suspended in Laemmli loading buffer supplemented
P B Ulmardaptoethanol and resolved on a 412% SDSPAGE gel (Invitrogen). Proteins
were transferred to PVDF membranes and probed for OTX2 (R & D), MYC (Santa Cruz),

and GAPDH (Santa Cruz) using standard techniques.

2.2.5 ChIP-chip and expression analysis of OTX2 siRNA -treated cells

We performed chromatin immunoprecipitation ( ChIP) experiments with an anti-
OTX2 antibody (R & D) using the ChIP Assay Kit from Upstate Cell Signaling.

10



Immunoprecipitated DNA from the enriched and control input DNA samples were
labeled, pooled and co-hybridized to NimbleGen HG 18 Promoter Tiling microarrays,
representing the entire known human promoter sequences tiled at 100-bp resolution
across the promoter regions 3.5kb upstreamto 0.75kb downstream of all known
transcriptional start sites. Because each probe has an associated genomic coordinate, one
can plot the intensities as a function of chromosome locations and then recorstruct the
enrichment of particular DNA fragments compared to the genomic background. The
enriched regions appear as peaksrepresenting protein -bound DNA fragments. We used
a model-based analysis of two-color arrays (MA2C) algorithm (Song et al. 2007}0
analyze the ChIP-chip data. Resultant gene lists were functionally categorized using
GOstat (Beissbarth and Speed 2004)

For expression analysis, D425 medulloblastoma cells were transfected with either
scramble or OTX2 siRNAs and then harvested 44 hours lder for RNA purification. RNA
was then processed and hybridized to Affymetrix HG-U133A Plus 2.0 arraysfor gene
expression profiling. Hybridization, washing, staining, scanning, and data analysis were
performed at the Duke Microarray Core Facility. Expres sion levels were analyzed using

GeneSpring GX version 7.3.1.

2.3 Prevalence and subtype specificity of OTX2 copy number
gain in medulloblastoma

In collaboration with the University of Toronto, we assessed copy number

alterations (n=212) and expression status (n=103) o©TX2 in a large cohort of
11



medulloblastomas using quantitative single nucleotide polymorphism (SNP) arrays and
gene expression microarrays, respectively. Of tumors subjected to microarray analysis,
each was classified into one of four molecular subgroups (Northcott et al. 2011). Among
all tumors analyzed for copy number alterations, OTX2 was the most frequent target of
focal copy number gain, with 21% of tumors (n=44 of 212 samples) exhibiting genomic

gain of the minimal region encompassing the OTX2 gene (Figure 1).
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Figure 1: Copy number gains of chromosome 14 targeting OTX2 in medulloblastoma

Above, medu lloblastoma samples comprise each row (n=212, including 201
primary medulloblastomas and 11 medulloblastoma cell lines), and copy number
gains as determined by Affymetrix SNP arrays are indicated in red, with low level

gains represented by light lines and high level gains represented by dark lines. Below,
UCSC Genome Browser snapshot exhibiting the OTX2 gene being completely
included in the region of overlap for this copy number gain
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Supporting a functional role for OTX2 in medulloblastoma pathogenesis,
expression of this gene as measured by microarray analysis indicated that in addition to
copy number gain, OTX2 is overexpressed in medulloblastoma relative to normal
cerebellum in the majority of these tumors (~74%, n=76 of 103 primary medulloblastoma

samples; Figure 2).

OTX2 -
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normaice  (INNNNNN (DN 10 00 10

(n=14)

SRCPLCIRINR——————————,—,— |

(n=103)

ma ceiLine  [INDDIN

(n=7)

Figure 2: Frequent OTX2 expression in medulloblastoma

OTX2 mRNA levels in normal fetal and adult cerebellum (CB) samples,
primary medulloblastomas, and medulloblastoma cell lines.

Of molecularl y classified medulloblastomas, OTX2 gains were exclusively found
in Group 3 and 4 tumors (Figure 3), whereas Group 3 tumors exhibited the most
frequent OTX2 gains, present in 38% of thesesamples (h=8 of 21 samples). Microarray
analysis revealed a bimodal distribution of OTX2 mMRNA levels among
medulloblastomas (Figures 2 and 3), with the Shh subgroup expressing the lowest levels
(near or below that of normal cerebellum) and the non -Shh subgroups (e.g. Wnt, Group

3, and Group 4) expressing high levels of OTX2 relative to the Shh group tumors (Figure

14



3) or normal cerebellum (Figure 2). These findings reveal potential roles for OTX2 in a

variety of phenotypically distinct medulloblastomas.
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Figure 3: Subgroup -specific OTX2 copy number gains and mRNA expression

(A) Copy number alterations at the OTX2 locus in medulloblastoma subtypes.
Red indicates copy number gain and green indicates loss. (B) OTX2 mRNA
level, as determined by microarray analysis, in medulloblastoma subtype s.

2.4 Requirement for OTX2 in tumor maintenance
2.4.1 OTX2 is required for medulloblastoma proliferation in vitro

To determine the role of OTX2 in established medulloblastomas, we tested the

requirement for OTX2 in the proliferation of medulloblastom a cellsin vitro. To this end,

15



we knocked down OTX2 in a panel of medulloblastoma cell lines using a variety of

UPb1- wWEOEwUT1- zUWEOEwWUTIT OwdOl EVUUI EwE]l OOwWYDPEED

These experiments demonstrated that over a long timecourse, OTX2inhibition reduced
medulloblastoma cell proliferation in vitro (Figure 4). Similar results obtained from
revealed that this effect is specific to OTX2 knockdown and limited to OTX 2-expressing

cell lines.

2.4.2 OTX2 is required for xenograft tumorigenicity

If OTX2 is indeed critical for the maintenance of medulloblastomas in vivo, it
represents an attractive target for selective therapeutics against this tumor. To test this
possibility, we stably transfected medulloblastoma cells with OTX2 -targeted shRNA
(Figure 5A), and then injected pooled cells into the cortex of immunodeficien t nu/nu
mice. OTX2 knockdown indeed prolonged survival of recipient animals ( p= 0.0061 log-
rank test) (Figure 5B-C). Immunohistochemistry of residual tumors from animals
injected with OTX2 shRNA -treated tumor cells revealed that these tumors still expressed
OTX2 (data not shown), confirming that residual tumors had escaped OTX2 knockdown

and further supporting an absolute requirement for OTX2 in tumor growth in vivo.
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Figure 4: OTX2 is required for medulloblastoma cell proliferation

(A) Medulloblastoma cells were treated with either scramble or OTX2
siRNA and then assayed for OTX2 protein expression by Western blotting. (B)
Medulloblastoma cells treated as in (A) were assessed for viability after thr  ee
doubling times using the MTT assay. (C) Medulloblastoma cells were treated
with either scramble or OTX2 shRNA and then assayed for OTX2 protein
expression as in (A). (D) Medulloblastoma cells treated as in (B) were assessed
for viability using the MTT a  ssay.
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Figure 5: OTX2 is required for medulloblastoma xenograft tumorigenicity

(A) Medulloblastoma cells were treated with either scramble or OTX2
shRNA and then assayed for OTX2 protein expression by Western blotting. (B)
Medulloblastoma cells treated as in (A) were injected intracranially and
animals were monitored for symptoms of tumor formation. Representative H
& E stained brain sections are shown. (C) Survival of mice injected with either
OTX2 or scramble shRNA -treated medulloblastoma cells.

2.4.3 OTX2 silencing is a critical event in retinoic acid -induced growth
suppression

Retinoids are known differentiation agents for medulloblastoma (Hallahan et al.
2003;reviewed in: Wortham and Yan 2009). Although our lab had previously

demonstrated that retinoids downregulate OTX2 (Di et al. 2005) a direct role for OTX2
18



repression in retinoid -mediated growth suppression of medulloblastoma had not been
demonstrated. To test this possibility, OTX2-expressing medulloblastoma cells were
infected with pBABE viruses containing cDNAs for OTX2 expressed from the viral LTR.
This ectopic promoter prevents OTX2 downregulation by retinoids (Figure 6). Following
retinoid treatment, OTX2 virus -transduced cells were rescued from the growth
inhibitory effects of retinoids observed in empty virus -transduced cells. These results
support a critical role for OTX2 repression in the effect of retinoids upon

medulloblastoma, which is supported by independent experiments publish ed elsewhere

(Bai et al. 2010)

2 - —o- VECTOR 19 - ——VECTOR

. * | .o T —+0TX2
2 g 1861 g 017 *
58 5. * > 08-

= = 4q *
4 2 o068
E2 087 > 504
o~ L =
> = 04 TJ 0.2
o 3T <

E:. 0 0 T T T T T T

0 1 2 3 4 0 1 2 3 4 5 6
Days 13-cis RA Treatment Days 13-cis RA Treatment

Figure 6: OTX2 repression is required for the effect of retinoids upon
medulloblastoma proliferation

(A) Medulloblastoma cells were infected with either OTX2 or control
viruses, and OTX2 mRNA le vel (endogenous and ectopic) was assessed using
RT-gPCR. (B) Medulloblastoma cells treated as in (A) were grown in the
x Ul Ul OEIT wcCis rethoicsaciduf18isRA) or vehicle and then assessed for
viability with the MTT assay.* p@wyY 8 Y k Ow2estUE] OUz
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2.5 ldentification and classification of OTX2 transcriptional
targets

As a transcription factor, OTX2 exerts its function by binding to DNA and
regulating target genes (Adamson et al. 2010) An understanding of gene networks
regulated by OTX2 would identify the cellular processes coordinated by this oncogene
in medulloblastoma cells. To identify OTX2 target genes we have applied ChlP-chip
technology, which pairs chromatin immunoprecipitation (ChlP) with high -density
oligonucle otide tiling microarrays (chip), using an anti -OTX2 antibody to recognize
OTX2-associated chromatin in D425 human medulloblastoma cells. A set of enriched
promoter regions were identified and their associated genes were compiled into a list of
OTX2-bound genes. To identify genes actively regulated by OTX2, we applied
microarray analysis to D425 medulloblastoma cells following OTX2 knockdown.
Differentially expressed genes (>2fold change) were compiled into a list and th en
compared with the lis t of genes bound by OTX2, resulting in the identification of 424

OTX2-activated genes and 281 OTX2repressed genes(Figure 7).
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Figure 7: OTX2 regulates hundreds of genes in medulloblastoma

Left, OTX2 target genes were identified by promoter ChIP -on-chip for
DNA immunoprecipitated using an anti  -OTX2 antibody in D425 cells, and
regulated genes were identified by comparing gene expression levels between
cells treated with either OTX2 or scramble siRNA. Rig ht, summary of the
direction of regulation by OTX2 at its target genes.

To reveal the cellular processes coordinated by OTX2 target genes, the final set
of OTX2-activated or -repressedgenes(e.g. those bound and regulated by OTX2) were
analyzed for enrichment of gene ontologies using GOStat (Beissbarth and Speed 2004)
Of genesdirectly activated by OTX2, there was a highly significant overrepresentation of
those regulating cell cycle and proliferation (34 genes, p <109 and 31 genesp <10°,
respectively) (Table 1). Of genes silenced by OTX2, those involved in nervous system
development (27 genes,p <1015 and regulation of transcription (68 genes, p <1019 were

overrepresented (Table 2). These findings are in general agreementwith studies
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published elsewhere (Bunt et al. 2010; Bunt et al. 2011aNotably, OTX2 was also found
to regulate CD133 MYC, and PTEN, which are central genesrelevant to neural stem cell
and cancer stem cellidentification and maintenance (Fults et al. 2002; Singh et al. 2004;
Zheng et al. 2008; Pei et al. 2012Additionally, we found that sustained MYC expression
is required for the maintenance of medulloblastoma in vitro (Adamson et al. 2010)
suggesting that OTX2 serves to maintain these tumors in part through transactivation of
MYC. We have also compared the list of genes bound by OTX2 (3,221 genes total) with
the top 100 genes identified in (Pomeroy et al. 2002)whose expression most clearly
distinguishes medulloblastoma from normal cerebellum. This comparison revealed that
while OTX2 binds regulatory regions of ~13% of promoters, these genes are substantially
enriched for those distinguishing medulloblastoma from normal cerebellum, with OTX2
binding 34 such genes @ <0.000] chi-squared test). Thus, OTX2 likely plays a major role

in establishing the molecular signature of medulloblastoma.
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Table 1: Functional categories of genes transcriptionally upregulated by

Parent Gene
Representative Child Ontogenies

Cellular Process
Cell cycle

Cell proliferation
Apoptosis

Localization
Cell motility

Metabolic Process

Protein metabolic process

Nucleobase, nucleoside, nucleotide
and nucleic acid metabolism

Establishment of Localization
Protein transport

Locomotion
Regulation of cell migration

Developmental Process
Cell differentiation

medulloblastoma

OTX2 Targets
Gene Count (%)

297 (70)
34(8)
31(7)
25(6)

90 (21)
11(3)

225 (53)
95 (22)

93 (22)

79 (19)
22(s)

5(1)
4(1)

62(15)
42(10)

23

Human Genome
Gene Count (%)

19591 (58)
839 (3)
745(2)
855 (3)

4481 (13)
383 (1)

14566 (43)
5858 (17)

5848 (17)

4135 (12)
866 (3)

73 (0.2)
60 (0.2)

3347 (10)
1810 (5)

OTX2 in

p-value

2.12E-05
1.93E-10
4.67E-10
4.40E-04

1.62E-04
4.65E-02

5.60E-04
3.11E-02

4.74E-02

2.67E-03
1.32E-02

5.17E-03
1.18E-02

2.80E-02
1.15E-03



Table 2: Functional categories of genes transcriptionally repressed by OTX2 in
medulloblastoma

Parent Gene Ontogeny OTX2 Targets Human Genome p-value
Representative Child Ontogenies Gene Count (%)  Gene Count (%)
Developmental Process 72 (26) 3347 (10) 2.71E-16
Cell differenfiation 40 014) 1810 (5) 1.83E-09
Mervous system development 27 (10) 716 (2) 6.57E-16
Programmed cell death 18 () 862 (3) 1.03E-03
Biological Requlation 114 (41) 6731 (20) 2 B3E-16
Regulation of metabolic process 74 (26) 4150 (12) 2.05E-11
Regulation of signal transduction 15 (5) 800 (2) 1.52E-02
Cellular Process 217 (77) 19591 (58) 2.08E-09
Cell communication T21(26) REE0 (16) 6.81E-04
Cellular component organization and 55 (20) 3277 (10) 9.03E-07
biogenesis

Establishment and/or maintenance of 15 (5) 450 (1) 7 BOE-05

chromatin architecture

B1 (22 3822 (11.25 2.00E-06
Multicellular Organismal Process (22) ( J
Gene Expression 75(27) 5454 (16) 3.10E-06
Requlation of transcription 68 (24) 3654 (11) 1.71E-11
Metabolic Process 151 (54) 14566 (43) 2 40E-03
Regulation of nucleobase,
nucleoside, nucleotide, and nucleic 69 (25) 3713 (1) 2.07E-11
acid metabolic process
Rhythmic Process 4i1) 74 (0.2) 5.02E-03

2.6 Evidence of a role for OTX2 in tumorigenesis

Considering that OTX2 is expressed in a broad spectrum of medulloblastomas,

and that OTX2 can be broadly expressed within tumors, it is possible that OTX2 plays a
24



role in transformation. To assess this possibility, we tested the effects of OTX2
expression upon RK3E cells, which are E1A-immortalized rat kidney epithelial cells
commonly used to assess the contribution of genes to transformation. RK3E cells stably
transfected with an OTX2 expression construct exhibited enhanced colony formation
potential in vitro (Figure 8A-B) and when injected into the cortical hemisphere of nude
mice, OTX2-expressing cells gave rise to proliferative, vascular tumors (Figure 8C),
wher eas vectortranfected cells generally formed scantly proliferative foci ( p <0.001,

2 UU E 1 -@4 forKieVindices, Table 3).
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Figure 8 (continued): OTX2 enhances tumorigenicity of immortalized RK3E cells

(A) Stable OTX2 -expressing RK3E cell lines were established and then
assessed forOTX2 protein expression using Western blot. (B) OTX2 -expressing
and control RK3E cells were assessed for clonal proliferation using the colony
formation assay. (C) Cell lines from (A) were intracranially injected into the
cerebral hemispheres of nude mice. Brains were harvested 18 days later for H & E
staining and immunohistochemistry.

Table 3: Tumor formation rate and Ki67 indices of tumors and foci derived from
RKS3E intracranial xenografts.

ID Tumor Formation Ki67 Average Score (%)
oTX21 Y 12.25
OoTX2-2 Y 12.9
OTX2-3 Y 10
oTX2-4 Y 12
OTX2-5 Y 104
OTX2-6 Y 12.9
oTX2-7 Y 10.495
OTX2-8 Y 9.085
VECA1 Y 9.67
VEC-2 Y 5.255
VEC-3 Y 3
VEC-4 N NA
VEC-5 N NA
VEC-6 N NA
VEC-7 N NA

Frequency of intracranial tumor formation incidence and tumor
Ki67 scoring in mice injected with RK3E cells stably transfected
with pEGFP-N1 (VEC-N) or pEGFP-OTX2 (OTX2-N). Each line
represents a single mouse.
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3. Identifying the mechanisms of OTX2 overexpression
in medulloblastoma

3.1 Introduction: the transcriptional dysregulation of oncogenes
and tumor suppressors as key events in tumorigenesis

While genetic alterations affecting gene sequence and/or structure are classical
mechanisms contributing to tumorigenesis, there is also a longstanding appreciation that
i UGEUPOOUWOI w?EUBDYI U2 wii Ol UWEEQWET wOOEUOGEUI EwE
dysregulation and subsequent overexpression or repression (Nusse and Varmus 1982;
ShenOng et a. 1982; He et al. 1998)This mechanism is underscored by accumulating
data implicating alterations of the general epigenetic machinery in medulloblastoma
pathogenesis(Northcott et al. 2009b; Robinson et al. 2012)Similarly, alterations in broad
epigenetic signatures such as polycomb-mediated trimethylation of histone 3 lysine 27
have been described in these tumors(Robinson et al. 2012) The inheritability of
epigenetic marks is consistent with the model of clonal expansion of a tumor precursor
lesion| like genetic genetic alterations, such alterations would be passed on to the
progeny of clonally -expanding preneoplastic cells. In addition to their roles in the
formation of a tumor, mechanisms of transcriptional dysregulation have potential to be
exploited therapeutically (Delmore et al. 2011)

We have previously described a critical and widespread role for sustained OTX2
expression in medulloblastoma tumor maintenance (Adamson et al. 2010) Similarly,

there is some evidence that OTX2 could play some rolein transformation of normal
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hindbrain cells (Wortham et al. 2012), suggesting that OTX2 could play diverse roles in
both the establishment and progression of these tumors. As such, understanding the
mechanisms whereby OTX2 is dysregulated would be informa tive of both tumor
pathogenesis and to the design of selective therapeutics targeting this critical gene. As
previously described, a subset of medulloblastomas (~21% of tumors) overexpress OTX2
by essence of increased gene dosage; however, there remainssubstantial proportion of
medulloblastomas (~50%) that lack genetic alterations of OTX2 yet overexpress this gene
(Adamson et al. 2010) Thus, for a large subset of tumors, the mechanisms of OTX2
overexpression remain unknown, and we have sought to better understand the
transcriptional regulation of OTX2 in these tumors.

Findings from large scale efforts to map transcriptional regulatory elements have
revealed that cis-acting regulators mediating gene expression are dynamic entities
whose location is bestdetermined by identifying loci exhibiting particular epigenetic
characteristics and assessing these elements for functional activity(Crawford et al. 2006;
Visel et al. 2009; Ernst et al. 2011; Haeussler and Joly 2011; Song et al. 2011; Thurman et
al. 20129. These elements are frequently cell typespecific, may be far removed from the
the identification of transcriptional regulatory elements demands advanced approach es.
To this end, we have utilized an emerging technology, DNase-seq, which takes

advantage of the observation that the endonuclease DNase | preferentially cleaves DNA
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that is associated with non-nucleosomal proteins, which bind less tightly to DNA and

typi cally serve regulatory roles (Crawford et al. 2006). Mapping of cut sites

preferentially targeted by DNase reveals various transcriptional regulatory elements
including promoters, enhancers, insulators, repressors, and locus control regions (Packer
et al. 1991; Crawford et al. 2004) underscoring that DNase hypersensitivity (and, by
extension, chromatin accessibility) is frequently an indicator of some regulatory

function. With this approach, it is possible to identify cis-acting elements that are poorly-
conserved, distal to their target genes, active in particular cellular contexts, and of broad
functional classes. Importantly, this assay can reveal regulatory element utilization in
different cellular states; as such, we have characterized chromatin accessiility patterns

in medulloblastoma cells harboring various levels of OTX2 expression.

3.2 Methods
3.2.1 Cell culture, transfections, and gene expression studies

Medulloblastoma cells were maintained as described above. For luciferase
assays, 24 well plateswere seeded with 1 cells per well, and then cells were transfected
with 1.3 4 g of reporter plasmid and 67 ng of pRL-CMV internal control plasmid using
Lipofectamine 2000. 24 hours later, cells were harvested and luciferase activity was
measured using the Promega DualLuciferase Reporter Assay System. For knockdown
experiments, cells were transfected with 1004 M final concentrations of the following

UP1- zUo uweASUGAEODUAUGBGAUACULL , OTX2 #1
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GGAGGUGGCACUGAAAAUCTHE, OTX2#2 GGACACUAAUUCAUCUGUALt , CRX#1:
GCUCACAGGUCCUAGUGAULt and CRX #2: GUGUGGAUCUGAUGCACCATLt.
Reporter plasmid insertion sequences are described as Hg19 genomic coordinates in
Figure 23. For gene expression experiments, 5 x 10cells were plated onto 6 cm dishes
and transfected with 4 4g of expression plasmid or siRNAs (at a final concentration of
1004 M), and 24 hours later RNA or lysate was prepared for measuring mRNA (by RT -
gPCR) or protein levels (by Western blotting). RT-gPCR and Western blotting were
performed as described in Chapter 2.2. Chromatin immunoprecipitation was performed
with an anti -OTX2 antibody using the ChIP Assay Kit from Upstate Cell Signaling.
gPCR was performed on immunoprecipitated DNA, and amplicons of interest were
normalized to Line 1 amplicons as a loading control. All -transretinoic acid, 13-cis
retinoic acid, and cycloheximide were obtained from Sigma, and 5-aza-2'deoxycytidine
was purchased from MP Biomedicals.

DNA methylation levels were determined in a cohort of medulloblastoma
samples using bisulfite sequencing. Briefly, 500 ng of DNA from each sample was
bisulfite treated, and 50 ng of treated or untreated DNA was then amplified using
Faststar Tag. DNAstar Segman Software was used to score each site for methylation
state. For DNA demethylation experiments, cells were treated with 1 or 54M 5-aza
2'deoxycytidine for 5 days before cells were harvested for RT and semiquantitative

PCR.
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3.2.2 DNase hypersensitive (DHS) site mapping

Medulloblastoma cell nuclei were prepared from 1 -5 x 10 cells using NP40
concentrations optimized for each cell line to permit complete lysis while avoiding
nuclear aggregation. Nuclei were then aliquotted and treated with increasing levels of
DNase | enzyme (4 to 24 units per 200 uL reaction) and incubated at 37 °C for 16
minute s. The reaction was stopped with EDTA and then incubated overnight at 37 °C.
DNA was then extracted with phenol/chloroform.

DN asetreated DNA was prepared and analyz ed as described in(Song et al.
2011) Briefly, digested DNA was blunt -ended, ligated to biotinylated linkers containing
an Mmel digestion site (which cuts downstream of its recognition sequence), digested
with Mmel, ligated again to linkers at the Mmel cut end, and finally PCR amplified for
subsequent analysis with Solexa sequencing. Sequenceeads were aligned to the
genome and then smoothened using Fseq(Boyle et al. 2008)

For DNase-PCR, digested DNA was quantitated using a UV spectrophotometer
and diluted to 6 ng/uL. DNA was amplified with primers of interest using 9 ng of DNA
in a 20 uL reaction and quantified relative to a standard curve run for each amplicon
representing a range of 16100% of undigested DNA. For each sample and DNase
concentration, amplicons of interest were compared to a known DNase-resistant region

as a reference to ipput amount and to adjust for nonspecific DNase digestion.
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3.2.3 Motif discovery

To determine the DNA -binding proteins interacting directly with DHS 4
Fragment A, this 13 bp genomic fragment was extended by 6 bp in either direction to
yield a 25 bp sequen® TGTCTCCGGGATTAATTATGGGCAC . This sequence was then
scanned for transcription factor binding sites using TRANSFAC TFblast (Matys et al.
2006) JASPAR COREQBryne et al. 2008) JASPAR HOMEO, and Consite(Sandelin et al.
2004) Motifs identified by protein -DNA interaction in (Hu et al. 2009)were aligned
using MapDraw. Google searches were performed using a 5 bp sliding window at every

position of the 25 bp query fragment.

3.3 Mapping the chromatin accessibility landscape of the OTX2
locus

3.3.1 Establishing a genomewide chromatin accessibility profile in
two OTX2 -expressing cell lines

Very few adult tissues and established cell lines express OTX2 Boon et al. 20®);
as such, to map the regulatory elements mediating OTX2 expression in medulloblastoma
with no p rior expectations of the location and organization of such elements, we
performed DNase-seq to understand the regulatory landscape of this gene in the
appropriate cellular context. Nuclei from two OTX2 -expressing cell lines, D341 and
D721, were treated with DNase and then digested DNA was processed for Solexa
sequencing. These cell lines both lack detectabldDTX2 copy number alterations (Boon et

al. 2005; Northcott et al. 2011)and represent a range of OTX2 expression levels (D341:
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13.1fold overexpression of OTX2; D721: 90.6Zold overexpression of OTX2; both

relative to normal cerebellum as determined by SAGE analysis). Mapping of frequently -
digested sequences revealed seven consistent DNas@ypersensitive regions in these two
medulloblastoma cell lines (Figure 9 and 10A). We noted that the canonical insulator
protein CTCF bound to regions flanking medulloblastoma DHS sites 1 -7, suggesting that
the regulatory activity for OTX2 transcription likely resides in this region (Figure 10B).
Comparison of the chromatin accessibility landscape of medulloblastoma with the rare
other cell lines that express this gene (Figure 10A) revealed some overlap between an
OTX2-expressing retinoblastoma cell line (Weri-Rb) and minimal overlap with

embryonic stem (ES) cells, whichexpress OTX2 from the short isoform promoter [Figure
10C and(Fossat et al. 2005) These results indicate that we have revealed both novel and

previously -identified regions of open chromatin flanking OTX2.
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Figure 9 (continued): Chromatin accessibility landscape of medulloblastoma.

UCSC Genome Browser snapshots of the following tracks, from top to
bottom: RefSeq genes, DNase-seq tracks for: D341 medulloblastoma (Medullo)
cells, D721 medulloblastoma cells, and H54 gli oblastoma (GBM) cells, MultiZ
vertebrate alignments, PhyloP vertebrate basewise conservation, CpG islands.

(A) Chromatin accessibility flanking the  OTX2 locus. Orange bars indicate
consistent and robust DNase hypersensitive (DHS) sites in medulloblastoma.
(B) Chromatin accessibility at a far distal region demonstrating shared DHS
sites among all three cell lines. Carat indicates CpG island assessed with
bisulfite sequencing in Figure 20.

A V/IM/C
F F FM Eye 1 Eye FoRMI M ANEPL F M M
Mouse enhancers | 1 | | | | I | i1 11 1
OTX2 OTX2051
Craorf101 R e -
THei R 4
D341 Medullo 1 2308 2 A4
ll phe el " Lad " L
D721 Medullo L. uld ] | Ln‘ L .Lﬂn Ll
WERl-RB nI l [ | i l | J‘l JJI 1 IIJ Lu 1 L |l L Tl 1

SK-N-MC L

" " A Jl .1‘[;_] A bl oo dos A | i
H1_ES I |||
1 A b g al A N L 1 ek

! ] CHORTTL U T ot 10 s ) B | i
Multiz s B =ETT I il AL S Ram b f ‘ .II'”.IF. } VR s ¥ ¢ " ,'_F 'i':“ :
Vertebrate | l I | | I i | I
Caonservation
50 kb chr14:57,049,818-57,495,111
B OTX2 OTX2051
C1dorf101 R S e
1 2344 5 6/
D721 DNase L. uld l N L.L..L ,.L._ﬂu Ll

D721 CTCF | |
H1_ES DNase I hh
1 A doo g A 2 | A " i sdeas

H1_E5 CTCF I L L J. A |J e l I I ‘ | |
50 kb chr14:57,049,818-57,495,111
D721 Pol2
H1_ES Pol2
10 kb chr14:57,188,556-57,313,204

34



Figure 10 (continued): Chromatin acce ssibility and other structural characteristics of
the OTX2 locus in various OTX2 -expressing cell types.

(A) Chromatin accessibility of the OTX2 locus in a panel of OTX2 -expressing
cell types. From top to bottom, rows indicate: known OTX2 developmental enhancers
labeled with their site of activity, RefSeq genes, DNase -seq tracks for: D341
medulloblastoma (Medullo) cells, D721 medulloblastoma cells, Weri  -Rb
retinoblastoma cells, SK -N-MC neuroblastoma cells, and H1 embryonic stem (ES)
cells, MultiZ vertebrate alignments, PhyloP vertebrate basewise conservation. Red
bars indicate known developmental OTX2 enhancers, green bars indicate

medulloblastoma DHS sites, and gray bars indicate overlap with the retina and
retinoblastoma regulatory eleme QU Quw# ' 2 w? 1 2 Bag teckd avérlaid with
ChlIP-seq reads for the canonical insulator element CTCF in D721 medulloblastoma
cells and H1 ES cells. Grey bars indicate CTCF -bound regions and the green bar
indicates CTCF binding at medulloblastoma DHS 3. (C) ChIP-seq for Pol2 indicative
of distinct transcriptional start sites between medulloblastoma and ES cells.  V/M/C,
Anterior visceral endoderm, anterior mesend oderm, cephalic neural crest; F, forebrain;
M, midbrain ; AN/EPI, anterior neuroectoderm/epiblas t.

3.3.2 Assessing DHS site utilization across medulloblastoma cell
lines using a g°PCR -based assay of chromatin accessibility

Because regions of open chromatin associated with OTX2 expression in
medulloblastoma, we sought to determine if this association could be extended to
medulloblastomas that express high or low levels of OTX2. In order to determine DNase
hypersensitivity of specific chromatin fragments across samples, nuclei of various
medulloblastoma cell lines were treated with DNase, and then gPCR was used to
measure the proportion of DNA that was cleaved such that digested DNA is not
amplified while DNase -resistant DNA is easily detectable (Figure 11). Detection of a
positive control DHS site validates that this approach can detect dynamic levels of

genomic DNA following DNase treatment and thus uncover regions of DNase
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hypersensitivity. DNase -qPCR confirmed the association between open chromatin at six
of the seven DHS sites detected in OTX2expressing medulloblastoma cells, such that
cell lines not expressing OTX2 harbored inaccessible chromatin at these regiongFigure
11). This result is compatible with a model in which differential chromatin accessibility
plays a role in dictating OTX2 expression level in medulloblastoma, such that OTX2
expression in medulloblastoma is modulated in part by differential accessibility of DNA
to trans-acting proteins. Note that DHS 2 did not exhibit substantial DNase
hypersensitivity as indicated by qPCR, suggesting that this site is be either a sequencing

artifact or rather is not detected with the gPCR approach.

3.4 Assessment of DHS sites for transcriptional regulatory
activity

While DNase-seq identifies the location and differential utilization of potential
transcriptional regulatory elements, this assay does not address the nature of regulatory
activity of these elements. To determine the role of these elements in modulating
transcription, DNA sequences harboring ~500bp of each element were cloned into
luciferase reporter vectors to facilitate the measurement of transcriptional output driven
by each fragment. To assess the ability of proximal elements to serve as transcriptional
promoters (which by definition are located within 2kb of the transcriptional start site),
DHS sites 6 and 7 were cloned into a promoterless luciferase reporter vector harboring a

generic enhancer from the SV40 virus (pGL3-enh). To assess the enhancer or repressor
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activities of DHS sites, each element was cloned into a luciferase reporter vector driven

by a minimal, generic promoter from th e SV40 virus (pGL3-pro).
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Figure 11 (continued): Chromatin accessibility of medulloblastoma DHS sites
across various OTX2-expressing and -nonexpressing cell lines.

Nuclei were harvested and treated with increasing concentrations of DNase,
and then the proportion of DNA remaining at each site was determined by
gPCR. Open and filled markers indicate OTX2 -expressing and non-expressing
cell lines, respectively.

Initial luciferase assays revealed promoter activity for both DHS sites 6 and 7 and
enhancer activities for DHS sites 1, 4, and 7 (Figure 12AB). To determine the specificity
of these activities to OTX2-expressing cell lines, luciferase assays were perforned for
each of the active DHS sites in a panel of OTX2expressing and nonexpressing
medulloblastomas (Figure 12C-D). Notably, the promoter activities of DHS sites 6 and 7
were not consistently active in OTX2-expressing cell lines tested, and DHS sites 1 ad 7
exhibited promoter activities in all cell lines tested (e.g. were not specific to OTX2-
expressing cell lines). These differences may reflect the variable genetic backgrounds of
these cell types and suggest that activity of DHS sites 1 and 7 are not lilkely to be the
cause of OTX2 expression in medulloblastoma. On the other hand, DHS 4 exhibited
consistent and specific enhancer activity in OTX2-expressing cell lines, indicating that
differential enhancer activity of this DHS site (likely due to different ial activity of its
cognate trans-acting factor) may underlay differential OTX2 expression in

medulloblastoma.
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Figure 12 Transcriptional activity of medulloblastoma DHS sites.

(A) Promoter activity of OTX2-proximal DHS sites were assayed by
determining their ability to drive expression of a luciferase reporter gene in
cooperation with a generic enhancer in D283 medulloblastoma cells. (B)

Enhancer activity of all medulloblastoma DHS sites were assayed by

determining their ability to drive expression of a luciferase reporter gene
driven by a minimal, generic promoter in D283 medulloblastoma cells. (C)
Specificity of promoter activity as determined by transcriptional activity in a
panel of OTX2 -expressing (D283, D341) and non-expressing (UW228)

medulloblastoma cell lines. * p < 0.05 relative to empty vector, **p < 0.01 relative
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3.5 Identification of an insulator element repressing DHS 1

A standard indication of the spatial limits of a transcriptional regulatory module
is the presence of insulator elements as implicated by the presence of the canonical
insulator protein CTCF. In a parallel project identifying binding sites of variou s
transcription factors in a collection of diverse cell types (Lee et al. 2012) ChiP-seq for
CTCF was carried out in D721 medulloblastoma cells. This assay identified CTCF
binding both far downstream of the DHS sites investigated above as well as at DHS 3
(Figure 10B). To validate the insulator activity of this element, which in its current
organization could potentially affect the ability of DHS site 1 to enhance OTX2
expression, we constructed a luciferase reporter vector comprised of the following
elements: DHS 1, DHS 3, a minimal promoter from the SV40 virus, and finally the
luciferase cDNA (Figure 13). In this configuration we are able to determine the ability of
DHS 3 to interfere with the enhancer activity of DHS 1. Accordingly, we found that DHS
3 indeed represses the ability of DHS 1 to serve as an enhancer when placed in the
configuration observed in native chromatin (Figure 13). This result suggests that DHS 1

may not interact with the OTX2 promoter in its natural organization in the genome.
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Figure 13: Insulator activity of DHS 3

The ability of DHS 3 to insulate the enhancer activity of DHS 1 was assessed
using luciferase assays with the depicted constructs. * p < 0.05 relative to empty
vector, **p < 0.01 relative to empty vector, bp < 0.05 relative to DHS 1.pro,

2 UUE | @ebtzEwaukhbrs indicate standard deviation.

3.6 Characterization of trans -acting factors mediating enhancer
activity of DHS 4

3.6.1 Identification of a minimally -required region of the DHS 4
enhancer

The finding that DHS 4 exhibited specific activity in OTX2 -expressing
medulloblastomas suggests that this differential activity could dictate the inherent
differences of OTX2 transcription in medulloblastoma. As such, we soug ht to determine
the trans-acting factors that may coordinate this differential activity, with the goal of
identifying upstream regulators of OTX2 in this tumor. To this end, we progressively
consolidated the minimal regions required for enhancer activity o f DHS 4 so as to
optimize the results from a scan for defined transcription factor binding sequences. The
~500bp fragment was first reduced to a central 70bp fragment, which retained most of its
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enhancer activity (Figure 14). Reconstruction of this fragment using linkers (ligated at
restriction fragment sites and labeled A -C) facilitated the stepwise deletion of sequence
elements within this 70bp region. Deletion of Fragment A from the 70bp DHS 4
construct completely abolished DHS 4 enhancer activity, indic ating that this 13bp

fragment is absolutely critical for the activity of this DHS site.
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AnBot Pro ABC.pro
B_C Pro
o—o=o—1 ju | BC.pro
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Luc 4AA.pro

o 0.5 1 15 2 25
Enhancer Activity (Rel. pGL3pro)

Figure 14: Identifying the minimally  -required fragment for DHS 4 activity

Enhancer activity for progressive deletions of DHS 4 was determined with the
luciferase assay using the constructs depicted. Error bars indicate standard
deviation.

3.6.2 Scanning for protein binding motifs in the minimally -required
region of DHS 4

The minimally -required 13bp fragment of DHS 4 was first extended by 6bp in
either direction to ensure that informative sequence information was not lost. The
resulting 25bp sequence was then scanned for transcription factor binding sites using

various publically -available resources (Figure 15) generated 7 highconfidence
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transcription factor binding site predictions (Sandelin et al. 2004; Matys et al. 2006; Bryne
et al. 2008; Hu et al. 2009)Manual inspection of SAGE expression data for these
candidate regulators revealed that few of these factors were expressedn

medulloblastoma as expected for atrans-acting factor positively influencing OTX2
transcription. However, the OTX2 protein itself bound to the 13bp fragment A region

with very high confidence ( p=0.0001), suggestive of an autoregulatory loop.

Additiona lly, a DNase footprint (Neph et al. 2012)could be identified at the putative

OTX2 binding site within DHS 4 in medulloblastoma cells (Figure 16).

s s A
# Expressed in
Database Rationale #TF's represented # Hits julloblastoma CGGGATTAATTAT
JASPAR CORE Curated database of vertebrate motifs 130 8 2
JASPAR HOMEO Curated database of homeobox motifs 176 17 2
TRANSFAC TFblast Curated database of vertebrate motifs 398 0
Consite Integrates conservation scores 130 0
Ma nulal ?Ilgnmentto Confirmed in vitro interactions 201 8 1 -
motifs in Hu et al. e
Google Search ID otherwise undocumented motifs 7 9 2 DTH2 binding ot

Figure 15: Identifying trans-acting regulators binding to Fragment A, the
minimally -required sequence of DHS 4

Left, results of various database searches for binding motifs in the Fragment A
sequence. Right, highly -scoring match for the OTX2 binding motif comprising
11bp of DHS 4 Fragment A.
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Figure 16: Identifying a DNase footprint at the OTX2 binding motif in DHS 4

Smoothened (Density) and unsmoothened (Raw) DNase tracks for
medulloblastoma cell lines are shown at increasing resolution. Oscillating
patterns of DNase hypersens itivity are observed flanking the sequence
corresponding to DHS 4 Fragment A (grey box), which contains the OTX2
binding motif.

Treatment of medulloblastoma cells with OTX2-UEUT 1 Ul EwUDP1- zUwYIl UDI
OTX2 is indeed required for the enhancer activity of DHS 4 (Figure 17), validating that
OTX2 regulates this distal enhancer whose activity distinctly associates with OTX2

expression in medulloblastoma.
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Figure 17: Assessing the requirement of OTX2 for DHS 4 enhancer activity

Luciferase assays were performed with medulloblastoma cells transfected
with the indicated plasmids. * p < 0.05 relative to scramble siRNA, ** p < 0.01
relative to scramble siRNA, bp < 0.05 relative to pGL3pro, b b x w@wy 8 Y h
pGL3pro, Stude O U ztéswliror bars indicate standard deviation.

3.6.3 Validation of an OTX2 autoregulatory loop in a distal
transcriptional enhancer

To determine whether OTX2 can mediate its own expression in the context of
native chromatin, we tested the ability of ectopic OTX2 to enhance or initiate
transcription from the endogenous OTX2 gene. Critically, this experiment measures the
ability of OTX2 to modulate its own expression in the context of native chromatin, which
may be additionally modified and exhibi t complex interactions that are not modeled
with luciferase reporter assays. To this end, we expressed an EGFRagged OTX2 gene in
medulloblastoma cells and measured the expression level of endogenous OTX2 protein,
which migrates more quickly through a PAG E gel used for protein separation prior to
Western blotting. Expressing ectopic OTX2 in medulloblastoma cells that naturally
express OTX2 indeed enhanced protein expression of endogenous OTX2 (Figure 18A),

suggesting that OTX2 can indeedregulate its own transcription in the context of its

45



native genomic locus. On the other hand, expressing ectopic OTX2 in medulloblastoma

cells that do not normally express this gene did not initiate expression of endogenous

OTX2 (Figure 18B-C). Notably, ectopic OTX2 activated the known OTX2 target gene IL-6

[Figure 18C; (Bunt et al. 2010 wP OwWET OOUwUT EVWE OOz UOWOEUUUEOOaA wi
the ectopic protein is functional in these cells This result suggests that in this context,

the OTX2 gene is refractory to transcriptional activation by trans-acting factors. This

result is consistent with our previous observations that chromatin accessibility of

medulloblastoma DHS sites (including DHS 4) is distinct between OTX2 -expressing and
non-expressing cell lines (Figure 11). Thus it is possible that rgpressive chromatin is

responsible for the failure of OTX2 to initiate its own expression in this cellular context.
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Figure 18 Assessing the ability of OTX2 to enhance its own expression

Medulloblastoma cells naturally ex pressing OTX2 (A) or not expressing OTX2
(B) were transfected with the indicated plasmids, and expression level of
endogenous and ectopic (GFP-tagged) OTX2 was assessed by Western blot. (C)
Assessment of mMRNA level of the OTX2 target gene IL -6 by RT-gPCR in cells
treated as in (B). *p < 0.05 relative to empty vector, **p < 0.01 relative to empty
vectorO w2 U U EtksO BErorbardlindicate standard deviation.
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Finally, to confirm that endogeno us OTX2 associates with DHS4 (e.g. in the
absence of overexpression), chromatin immunoprecipitation for endogenous OTX2 was
performed. Indeed, endogenous OTX2 wasfound to associate with DHS 4; this
interaction was not observed with a control fragment or in cell lines that do not e xpress

OTX2 (Figure 19).

B DHS4
O Negatiwe Control

Enrichment (Rel. Input)

om2* mB 0TX2"MB

Figure 19: Assessing binding of endogenous OTX2 to DHS 4

Medulloblastoma cells naturally expressing OTX2 were harvested for chromatin
immunoprecipitation with an anti  -OTX2 antibody and fragment enri chment was
then assessed using gPCR. Error bars indicate standard deviation.

3.7 Characterization of DNA methylation patterns associated
with OTX2 silencing

An additional potential level of OTX2 transcriptional regulation is that of
promoter DNA meth ylation, as indicated by the presence of CpG islands found in the
OTX2 promoter region (Figure 9). To assess this possibility, bisulfite sequencing was
performed on DNA purified from a collection of medulloblastoma samples (n=33).
Levels of cytosine methylation of the CpG island located immediately downstream of

the OTX2 transcriptional start site were suggestive of a binary promoter methylation
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status among medulloblastomas (Figure 20A), which is consistent with DNA

methylation patterns observed in other c ell lines and tumor types. With this in mind, the

OTX2 promoter can be classified as predominately harboring either methylated or

UOOI UT a0EUI Ew" x&zUBw" OOxEUPUOOWOI w. 371 wi BRxUI UU
samples exhibiting different promoter methyla tion states reveals a strong association

between OTX2 promoter methylation and transcriptional repression (Figure 20B).

Although promoter methylation appears to be sufficient to repress OTX2, not all tumors

exhibiting an unmethylated promoter expressed OTX 2, indicating that positively -acting

factors in addition to a permissive chromatin state is required for OTX2 expression.
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Figure 20 (continued): Assessing the methylation status of the OTX2 promoter
in medulloblastoma

(A) Leftmost column indicates OTX2 expression status (red:
overexpressed, green: not expressed) andOTX2 copy number status for each
sample, if known (G: gain, N: normal, HL: heterozygous loss). Chart indicates
methylation stat us of CpG sites in columns and medulloblastoma samples in
rows for representative samples and sequence reads.

To validate that OTX2 promoter methylation is of functional consequence, OTX2-
nonexpressing medulloblastoma cells were treated with 5-aza-2'deoxycytidine , which
was shown to partially rescue OTX2 expression (Figure 21), thus indicating that OTX2

promoter methylation actively represses OTX2 in medulloblastoma.

Figure 21: Promoter methylation actively represses OTX2 expression

OTX2-nonexpressing medulloblastoma cells were treated with the
indicated concentrations of 5 -aza-2'deoxycytidine (5-AzaC) for 5 days and
then assessed for OTX2 mMRNA expression with RT followed by
semiquantitative PCR. D283 cell line cDNA wa s used as a positive control
for OTX2 expression.
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3.8 Characterization of the epigenetic modifications of relevant
OTX2 regulatory elements during embryonic  brain development

Having characterized the transcriptional regulatory elements that mediate
differential OTX2 expression in medulloblastoma, we then asked if these elements are
implemented in normal development of the embryonic brain. Alternatively, these
elements may represent novel regulatory elements in the context of medulloblastoma
(e.g. dueto exceptionally high levels of some trans-acting regulator that is never
observed during normal development or physiology). To this end, we first mapped the
medulloblastoma DHS sites onto the mouse genome (Figure 22) to facilitate comparison
of these sites with their homologous regions during normal brain development at a
timepoint (e.g. embryonic day 14.5) when OTX2 is dynamically expressed (Fossat et al.
2006) Additionally, we mapped known OTX2 developmental enhancers (Kimura -
Yoshida et al. 2004 Kurokawa et al. 2004a; Kurokawa et al. 2004b; Emerson and Cepko
2011; Muranishi et al. 2011) revealing that medulloblastoma DHS sites have not been
previously implicated in OTX2 regulation. Examination of the chromatin states of the
embryonic brain reveals that epigenetic marks indicative of active enhancers and
promoters (e.g. H3K4mel and H3K27Ac as well as DNase accessibility) associate with
DHS sites that are active in medulloblastoma (DHS sites 4, 6, and 7; Figure 22). As
combinatorial assessment ofchromatin structure is predictive of functional activity
(Ernst et al. 2011), we classified medulloblastoma DHS sites according to these criteria as

assessed in the embryonic brain and adult cerebellum (Figure 22 and 23). Strikingly, the
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function of most m edulloblastoma DHS sites as validated in Figure 12 could be

accurately predicted from chromatin status in the embryonic brain or cerebellum.
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Figure 22: Chromatin structure of the OTX2 locus in the developing brain an d adult

cerebellum

UCSC genome browser snapshots of the mouse genome are shown for the

following tracks: known Otx2 developmental enhancers labeled with site of activity ,
regions of homology to medulloblastoma DHS sites, Refseq genes, CRX ChlP-seq of
mouse eye from (Corbo et al. 2010)E14.5 whole mouse brain DNase -seq, Pol2 ChIP-
seq, H3K4mel ChiIP-seq, H3K4me3 ChiIP-seq, H3K27Ac ChIP-seq, CTCF ChlIP-seq,

from (Shen et al and Genome Browser), Multiz vertebrate alignment , PhyloP
vertebrate conservation. Green ba rs indicate regions homologous to
medulloblastoma DHS sites exhibiting signatures of active transcriptional

regulation, pink bars indicate regions with known enhancer activity in the mouse
EUEDOOWEOEwWUT 1T wl Ul A wEEUwD OE D E E hsdhbreviafduss

in Figure 10.
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These observations suggest that some cell type in the devedping brain (which in
this datasetis comprised of myriad cell types comprising the forebrain, midbrain, and
hindbrain) exhibits similar utilization of OTX2 transcriptional regulatory elements as
some medulloblastomas. Accordingly, a cell type of the developing brain that fails to
transcriptionally repress OTX2 may well serve as a cell of origin for OTX2 -expressing
medulloblastomas. Alternatively, it is possi ble that over the course of transformation, an
OTX2-nonexpressing cell type assumes the chromatin landscape of some cell type of the
embryonic brain that exhibits such epigenetic and chromatin accessibility patterns.
Considering our previous observations t hat in some contexts, theOTX2 promoter is
refractory to the initiation of OTX2 transcription by trans-acting factors, it seems most
likely that OTX2 expression is inherited from an OTX2 -expressing cell type rather than

induced de novo

3.9 Identifying th e mediator of retinoic acid -induced repression
of OTX2

Retinoids are known to repress OTX2 mRNA in the context of normal
development as well as in medulloblastoma. While searching for evidence of regulatory
transcription factors binding to DHS 4, we found a ChlP-seq dataset implicating the
binding of CRX, which binds to a sequence quite similar to the OTX2 binding site, to a
region homologous to a weak medulloblastoma DHS (and strong retinoblastoma DHS)
in the developing mouse retina (Fig ure 22). Given this observation, we designated this

UPUT WEUwW#' 2w?21~28ww" OOUPET UPOT wUT 1T wUl T UOGEUOUA wb
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eye, in which retinoids are highly -concentrated, we sought to determine the role of CRX

in retinoid -mediated OTX2 repression in medullobla stoma. CRX is expressed in some
medulloblastomas (Boon et al. 2002)and can be further induced with retinoids (Fig 24A).

Supporting a role for some translatable intermediate in retinoid -mediated OTX2

repression, cycloheximide (CYHEX) treatment abolishes the repressive effect of retinoids

UxOOw. 371 wep%wbl UUI wl K! A wwbOEOOaOwbk]l wi OUOEwWUT EU
is DNase hypersensitive in medulloblastomas and becomes more DNaseaccessible

upon retinoid treatment (Figure 24D). While retinoid treat ment increased most DHS

sites somewhat, we found that this effect was most prominent in the distal cluster of
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Figure 24 (continued): Dynamics of CRX expression and its putative binding
site during retinoid treatment of medulloblastoma

MRNA expression levels of OTX2 and CRX as determined by RT -gPCR in
Ol EUOOOEOEUUOOE Wi ©0000OP b Otiswdiindic &ld A BcGRAY
for 24 hours. (B) OTX2 mRNA expression, determined as in (B), following
treatment with 24 M all -trans retinoic acid (ATRA) and/or 354 M
cycloheximide (CYHEX) for8 T OUUUBS wp" Aw! EUEQuw#- EUI
a panel of medulloblastoma cell lines, determined as in Figure 11. Open and
filled markers indicate OTX2 -expressing and non-expressing cell lines,
Ul Uxl EUDYI OQad wop# Aw#- EUI wUI OU Btonmaedd a
UUIl EUI E wb bdisiretinoiaudcid (130isRA) or DMSO for 24 hours.
Based on these observations, we sought to identify the requirement for CRX in
retinoid -induced repression of OTX2. Treating medulloblastoma cells with sSiRNA
against CRX, we demonstrated inhibition of basal and retinoid -induced CRX mRNA
Ol YT OUwUUDOT wa/ " 1wp%bl UUT wl k AGw OUT OUT T wgl 600U
variable basal levels of OTX2, CRX siRNA abrogated OTX2 repression by alitrans
retinoic acid (Figure 25). Despite this effect upon OTX2 repression, canonical retinoic
acid signaling was intact in these cells, as indicated by robust induction of the direct
RAR-UI T UGEUI EwUEUT 1 Owi 1l Ol Owl 1¢8w3i 1 Ul wUl UUOUU wE
retinoidsinduce C1 7 wl BRxUT UUDOOOwPT PET wlUOT | OWEPOEUWUOw#"' 2
repress transcription of OTX2. These findings are consistent with our observation that a

translated intermediate is required for OTX2 repression by retinoids.
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Figure 25: CRX induction is required for retinoid -mediated OTX2 repression
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indicate standard deviation.

3.10 A model for basal OTX2 overexpression in medulloblastoma

In this work, have characterized the mechanisms of basal OTX2 overexpression
in medulloblastoma. Positive regulatory elements of the OTX2 gene are differentially
accessible totrans-acting regulators in various medulloblastomas. Such differential
accessibility is mediated in part by promoter DNA methylation, but likely involves other
factors, including chromatin remodeling complexes, histone modifying enzymes, and
activity of trans-acting factors themselves. It has been suggested elsewhere that

cooperativity between many weak DNA binding factors gives rise to collectively strong
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interactions (Levine and Tjian 2003; Song et al. 2011; Neph et al. 2012; Thurman et al.
2012) Our observations that DNase hypersensitive sites are clustered in
medulloblastoma and concurrently associate with OTX2 expression status supports this
model for the regulation of OTX2. Our reporter assays indicate that many such distal
enhancers possess activity regadless of OTX2 status, with the exception of DHS 4.
Furthermore, we have demonstrated that OTX2 binds to and is required for DHS 4
enhancer activity. If this binding event is the key determinant of OTX2 transcriptional
activity, it is likely that the OTX2 t ranscription factor must be inherited from the tumor
cell of origin, as OTX2 protein is required for its own expression and thus cannot be
induced de novoThis model is supported by our observations that this key enhancer
located at DHS 4 exhibits characktristics of an active enhancer in embryonic mouse brain
(which includes forebrain, midbrain, and hindbrain), indicating that some normal cell
type of the developing brain utilizes this medulloblastoma enhancer element. In
accordance with our model, the cell type expressing OTX2 via this enhancer could serve
as the cell of origin for OTX2-expressing medulloblastoma, and thus suppression of this
enhancer activity during normal development is critical for preventing aberrant OTX2

expression and suppressing tumorigenesis.

3.11 A model for retinoid -induced OTX2 repression in
medulloblastoma

Our studies have also uncovered the retinal transcription factor CRX as the

intermediate of retinoid -induced OTX2 suppression. We have known for some time that
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retinoids inhibit OTX2 expression through an intermediary | the timecourse of OTX2

suppression, which is slow (>3 hours following treatment, data not shown) is consistent

with an indirect effect, the translation inhibitor cycloheximide abolishes OTX2

suppression by retinoids, and the OTX2 promoter lacks a strong retinoic acid receptor

binding site. Based on observations in the perinatal mouse eye(Hsiau et al. 2007; Corbo

et al. 2010) a weak DHS site in medulloblastoma can be bound by CRX, a gene known to

repress OTX2 in this developmental context. Considering the high concentration of

retinoids in the developing eye, we were able to extend this regulatory interaction

between CRX and OTX2 to the therapeutic effect of retinoids in medulloblastoma.

Specifically, treatment of medulloblastoma with retinoids increase chromatin

accessibility of a distal cluster of medulloblastoma DHS sites (DHS 1-K WE OE w# ' 2 w? 12 K8
#' 2w?1?2 wPhOUOEwWUT 1 OWEEUWEUWEwx OPUI EwUI xUI UUOU WU
nearby DHS sites o reduce OTX2 transcription. Thus, modulating CRX induction alone

or in combination with retinoid treatment has potential to supplement current

medulloblastoma therapy. As OTX2 repression is required for the growth suppressive

effect of retinoids in medull oblastoma [Figure 6 and (Bai et al. 2010), presumably CRX

induction is similarly required. Whether CRX expression is sufficient to suppress

medulloblastoma tumor growth is yet to be determined and should be investigated in

future studies.
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4. Characterizin g the functional consequences of Otx2
overexpression in the postnatal hindbrain

4.1 Introduction: Animal modeling of medulloblastoma subtypes
reveals cell type -specific effects of genetic alterations found in
distinct tumor subgroups

Animal models of medul loblastoma are highly -sought after tools for the purpose
of characterizing tumor pathogenesis and as a platform for the preclinical testing of
therapeutics. The observation that Patched mice develop medulloblastoma at low
penetrance late in life (Goodrich et al. 1997)initiated studies of the role of the Shh
pathway in the pathogenesis of medulloblastoma. Subsequent work has resulted in
myriad advances in the field, from the identification of the tumor cell of origin for Shh -
driven medulloblastoma (Schuller et al. 2008; Yang et al. 2008the characterization of
cancer stem cell populations in this tumor (Read et al. 2009)and finally the testing of
candidate therapeutic strategies in the preclinical setting (Romer et al. 2004) Indeed, the
clinical appl ication of Shh pathway inhibitors (Rudin et al. 2009)is a testament to the
benefit of animal modeling to designing and testing targeted therapeutics

The molecular characterization of patient medulloblastomas has revealed that
the majority of these tumors are not derived from Shh pathway activation (Northcott et
al. 2011) Such studies indicate that non-Shh subgroups, particular the Group 3 and 4
tumors, are likely to remain a clinical challenge until targeted therapeutics for these

tumor subtypes are also developed.
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Animal modeling of non -Shh medulloblastomas is an emerging field, as the
majority of animal models of this tumor have utilized activation of the Shh pathway
directly (Goodrich et al. 1997; Hallahan et al. 2004; Schuller et al. 2008; Yang et &008)
or resulted in Shh pathway activation secondary to tumor suppressor loss (Shakhova et
al. 2006; Zindy et al. 2007; Frappart et al. 2009 However, validated genetic models of
Wnt subgroup tumors (Gibson et al. 2010)and transplantation models of Gro up 3
tumors (Kawauchi et al. 2012; Pei et al. 2012have recently been developed. Specifically,
activation of the Wnt pathway in concert with P53deletion gives rise to tumors
resembling the Wnt molecular subgroup (Gibson et al. 2010)derived from neuronal
progenitors of the dorsal brainstem. Similarly, transduction of postnatal cerebellar stem
cells or GNPs with degradation -resistant MYC and dominant negative P53gives rise to
Group 3 tumors when transplanted into cerebella of immunodeficient mice (Pei etal.
2012) It is unclear whether these Group 3 mouse tumors are derived from GNPs,
postnatal stem cells, or the cells that cepurify with these populations; this ongoing
guestion is perhaps reflective of the challenges of using transplantation models. Still,
these and other animal models emphasize that genetic alterations of distinct
medulloblastoma subgroups affect specific cell types of the developing hindbrain,
despite being broadly activated in some cases(Oliver et al. 2005; Gibson et al. 201Q)
There is currently no validated model of Group 4 tumors (Eberhart 2012) though a

MYCN -driven model has been suggested to share some characteristics of Group 4
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patient tumors (Swartling et al. 2010; Swartling et al. 2012) Clearly, genetic models of
Group 3 and 4 tumors would be beneficial to understanding the pathogenesis of these
tumors in terms of identifying their cellular origins and the functional consequences of
particular genetic alterations.

Our studies have focused on designing animal models of Group 3 and 4 tumors
by modeling subgroup -specific genetic alterations in the developing hindbrain
[(Wortham et al. 2012), to which this chapter refers]. Despite aggressive pursuits to
define the mutations present in medulloblastoma, some of the most common focal
genetic alterations identified in Group 3 and 4 tumors are copy number gains of MYC,
MYCN, and OTX2 (Adamson et al. 2010; Jones et al. 2012; Northcott et al. 2012; Pugh et
al. 2012; Robinson et al. 2012)These genes may constitute a shared pathway as indiated
by the mutually exclusive nature of these alterations (Northcott et al. 2012; Robinson et
al. 2012)and the known regulatory interaction between OTX2 and MYC (Adamson et al.
2010) More recent findings have been that tetraploidy is common in these tu mors (Jones
et al. 2012) as are alterations in chromatin modifier genes such asCHD7, EZH2, MLL2/3,
and UTX (Parsons et al. 2011; Jones et al. 2012; Pugh et al. 2012; Robinson et al. 2012)
Considering that OTX2 copy number gain is a frequent alteration specifically enriched in
Group 3 and 4 medulloblastomas (Adamson et al. 2010) we have sought to derive an
animal model of medulloblastoma driven by overexpression of OTX2 (mouse homolog

designated as Otx2). Although the role of OTX2 in tumor maintenance is well -
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established (Di et al. 2005; Adamson et al. 2010)the frequency at which it is
overexpressed among tumors as well as its broad expression pattern within tumors
suggests it may be acquired at early stages of tumorigenesis. Additionally, considering
that ectopic expression of OTX2 in different artificial systems have yielded conflicting
results (Adamson et al. 2010; Bunt et al. 201Q)the importance of assessing OTX2
function in the appropriate tissue context is critical to determine its potential

contributions to tumorigenesis.

4.2 Methods

4.2.1 Generation of a cre -inducible system for ectopic Otx2
expression in vivo

In order to generate an inducible model of Otx2 overexpression in the
developing hindbrain, we designed a robust and flexible system that takes advantage of
the transgenic mice available for inducing recombination in various cell populations of

the CNS. To this end, we generated a knockin mouse strain (Figure 26) that harbors a

cre-inducible Otx2 expression construct inserted into the ROSA26 locus (Soriano 1999)to

ensure active transcription of the insert. The ROSA26targeted construct (Figure 26) was
generated by first inserting cDNA for wild type mouse Otx2 into the cloning site of the

pBigT construct containing a LoxP-stop-LoxP element to inhibit transcription in the

absence of cremediated recombination (Srinivas et al. 2001) The resulting construct was

then inserted into Pacl/Ascl sites of the ROSA26 acceptor plasmid. To maximize

expression from this construct, a strong, ubiquitous p romoter from the Chicken Actin
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Gene (CAG) was inserted into the Pacl site upstream of the LoxRstop-LoxP element.
The intervening sequence between the LoxP sites also contains the neomycin resistance
gene, which was used for selection of transfected embrymic stem (ES) cells.

The pROSA26 CAG-LoxP-stop-LoxP-Otx2 targeting vector (Figure 26) was
linearized with Sfil (which was added to the original plasmid with a linker) and then
electroporated into 129 Sv/Ev mouse ES cells, and colonies were then selected ith G418
to enrich for resistant clones. Following selection, colonies were picked and divided,
with one half of each colony replated into a 96-well plate (for maintenance), and the
other half lysed for DNA purification and subsequent PCR screening. Colony PCR
screening yielded 18 positives of 384 total clones. Twelve clones were then expanded for
subsequent Southern blotting to verify proper integration (Figure 27). Finally, of
Southern-validated clones, an NLS (nuclear localization signal)-cre expressionplasmid
was electroporated into expanded cultures, and Otx2 mRNA level was measured by
gPCR in both cre-transfected and vector-transfected cultures of each clone (Figure 27).
Notably, we observed that (1) the Otx2 inducible construct exhibits minimal leaki ness,
which is important for the avoidance of off -target phenotypes, and (2) Otx2 inducibility
is indeed functional in these knock-in ES cell clones. Both 3A3 and 3B9 clones were then
introduced into inner cell masses of C57BI6 embryos, and the resulting chimeras were
then bred with C57BI6 animals to obtain two stable knock -in strains. The following

studies were carried out on the strain derived from the 3A3 clone.
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ROSA26 genomic locus
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Figure 26: Targeting strategy and composition of the inducible Otx2 expression
construct

CAG: chicken actin gene, PGK: phosphoglucokinase promoter, neo: neomycin

location of probe for Southern blot. Arrows indicate LoxP ele ments.

4.2.2 Animal breeding and maintenance

Animals were of mixed strain composition including 129 Sv/Ev, C57BI6/J, FVB/N,
and DBA/2, and animals were genotyped by PCR amplification of DNA purified from
tail snips. Animals were monitored regularly for symptoms of brain tumors including

head doming, head tilt, ataxia, hunched posture, and lethargy.

4.2.3 Tissue processing and histology

To preserve tissue cytoarchitecture, postnatal days 721 (P%21) and adult mouse
brains were fixed in situ via intracardiac perfusion first with PBS and then with neut ral
buffered formalin (NBF). Brains were then removed and post -fixed overnight in NBF.
For histological examination, brains were processed for paraffin embedding using
UUEOEEUEwWxUOE]I EVUUI UB w3 OwhEI OUDPI awi OEEOwWOI UPOOU
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stained and examined. Ectopia were defined as basophilic cell clusters not present in any

sections of wild type mice. For immunohistochemistry, brains were cryoprotected in

20% sucrose and then embedded in Optimal Cutting Temperature (OCT) medium and

frozen at -80 °C. 14 uM sections were cut using a cryostat and then stained with the

indicated antigens using standard procedures. Fluorescent immunohistochemistry

signal was detected with a Nikon Eclipse TE2000-E inverted microscope. The following

antibodies were used: goat anti-Otx2 (5 mg/mL) and Phycoerythrin -labelled mouse anti-

04 (1:5) from R & D Systems, mouse antiKi67 (1:100) from BD, mouse antiNeuN (1:100

on paraffin -embedded sections) and rabbit anti-Blbp (1:500) from Millipore, rabbit anti -

Pax6 (1:300) from Covance, mouse ant?2 vy Y ¢ wphio Y YY A wi U-BB2u2 DT OEOQwUI
(1:500) from Invitrogen, rabbit anti -Zic1 (1:400) from Rockland, and rabbit anti-cleaved

Caspase3 (1:100) from Abcam. Specificity of antibody staining was confirmed by

staining with non -enriched immunoglobulins of the same class as the experimental

antibody.
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A Southern Blot of ES Cell Clones
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Figure 27: Validation of target construct integration and cre ind  ucibility in ES cells

(A) ES cell clones positive for PCR screening were expanded and harvested for
Southern blotting. EcCoRV -digested DNA was probed (see Fig 26 for probe location)
for the presence of a smaller band, indicative of the additional cut site  having been
inserted. (B) Otx2 induction by cre recombinase in ES cells. Southern blot -validated

clones were expanded and then electroporated with a cre expression plasmid, and
then Otx2 mRNA level was assessed using RT -gPCR. *p < 0.05 relative to untreated
ES cells.

4.3 Validation of ROSA26"%°%2 mice

To broadly express Otx2 in the developing mouse brain, we activated the Otx2
expression construct with the hGFAP-cretransgene, which has been shown to express cre
recombinase in neural stem cellsthroughout the embryonic brain (Zhuo et al. 2001; Yang
et al. 2008) and should result in inheritance of an activated Otx2 expression construct in
various cerebellar cell types with the exception of Purkinje cells (Yang et al. 2008)
Considering that the cell of origin for Otx2 -expressing medulloblastomas is not known,

expressing Otx2 in a variety of lineages allows for the simultaneous assessment of the
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consequences of ectopic Otx2 expression in various cell types. To maximize expression,

we studied mice homozygous for the Otx2 expression construct; thus animals of the

genotype ROSA28s-ox2is-onz  WGFAP-crewill be referred to as GFAP:Hi -Otx2 animals,

whereas ROSA2@sovenstoe OP ET wepl 61 6 WOEEODPOT WEUI AwbbPDOOwUIT UYI
and be referred to accordingly in the text.

Otx2 induction was validated at both the mRNA and protein levels using gPCR
and Western blotting of adult cerebellum lysates, revealing that GFAP:Hi -Otx2 mice
exhibited ~10-fold induction of Otx2 mRNA relative to wild type ( hGFAP-crenegative)
cerebella (Figure 28).Additionally, the known Otx2 -repressedgenes ID1(Bunt et al.
2010 and BDNF (Bunt et al. 2011a)were downregulated in P7 cerebella of GFAP:Hi -
Otx2 mice (data not shown), validating that functional Otx2 protein was expressed in
this model. Similarly, immunohistochemistry for Otx2 protein revealed that GFAP:Hi -
Otx2 mice exhibited an extended Otx2 expression domain (Figure 29A-B), which
included intermediate and anterior cerebellar lobes as well as white matter domains of
the cerebellum and brainstem. Finally, ectopic Otx2 expression in various hindbrain cell
types was confirmed with co -immunofluorescence for Otx2 protein and various cell
lineage markers (Figure 29CO0O), revealing that Otx2 was induced in GNPs, GABAergic
neuronal progenitors, differentiated neurons, oligodendrocytes, astrocytes, and

Bergmann glia.
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Figure 28: Validation of Otx2 expression in cerebella of GFAP:Hi -Otx2 mice

(A) Whole cerebella from adult GFAP:Hi -Otx2 mice or wild type (cre -) controls were
harvested, and Otx2 mRNA level was measured with RT -gPCR. (B) Otx2 protein
level was determined in whole adult cerebella of wild type (Lsl -OT X2 only),
GFAP:Lo-Otx2, and GFAP:Hi -Otx2 mice.

4.4 Characterizing the effects of Otx2 upon animal survival and
hindbrain development

4.4.1 Effect of ectopic Otx2 expression upon survival

To determine the ability of Otx2 to initiate medulloblastoma, we generated a
cohort of GFAP:Hi -Otx2 mice (n=9) and monitored them for up to one year for the
development of overt symptoms of brain tumors. GFAP:Hi -Otx2 animals exhibited
reduced postnatal growth (not shown), and females were hypofertile. We observed
lethargic and moribund GFAP:Hi -Otx2 animals at various postnatal and adult
timepoints (Figure 30). However, when these brains were serially sectioned and H & E
stained, none of these animals exhibited histologically-apparent brain tumors.

Additionally, brains fr om one year old animals appeared grossly normal (Figure 31A).
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Figure 29: Validation of Otx2 expression in diverse cell types of the cerebellum

(A-B) Low-power (4x) images of (A) wild type and (B) GFAP:Hi -Otx2 P7 cerebella
stained for Otx2 with immunohistochemistry. (C -O) P7 cerebella stained with the
indicated antibodies demonstrating co -staining of various cell types of the anterior
cerebellum in GFAP:Hi -Otx2 mice. Insets: cropped and enlarged images from arrows.
Images shown at 20x magnification.
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Figure 30: Survival of GFAP:Hi -Otx2 mice

Animals were monitored regularly for symptoms of brain tumors, and sacrificed
when exhibiting overt morbidity.

To further investigate the potential cause of death induced by ectopic Otx2
expression in the CNS, we serially sectioned brains of P21 mice coronally through the
entire length of the brain to identify defects in the ventricular system that may
contribute t o morbidity. Although we did not observe obstructions of the ventricular
system (e.g. at the aqueduct), we did confirm expansion of the lateral ventricles by at
least 50% in 3/4 animals (Figure 31B), indicative of mild hydrocephalus. Ventricular
expansion was also observed in lethargic GFAP:Hi-Otx2 animals (data not shown).
Although it is unclear whether ectopic Otx2 expression induced some undetected
obstruction or rather affected cerebrospinal fluid production, circulation, or
composition, the ventricular swelling observed in otherwise healthy mice may over the

long term contribute to some of the morbidities observed in these animals (Figure 30).
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Figure 31: Brain morphology of GFAP:Hi -Otx2 mice

(A) One year old GFAP:Hi -Otx2 mouse brains appear grossly normal. (B) H & E
stained coronal sections of postnatal day 21 GFAP:Hi -Otx2 mice reveals mild
hydrocephalus in some animals.

4.4.2 Effect of ectopic Otx2 expression upon hindbrain development

Having determined that Otx2 overexpres sion is not sufficient to give rise to
medulloblastoma, we then sought to determine the course of hindbrain development in

GFAP:Hi-Otx2 mice. As the cerebellum proliferates massively from PO to P21, we
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focused upon this stage of hindbrain development. Over tly, in midline H & E stained

sections, we observed variable foliation defects of anterior cerebellar lobes in GFAP:Hi-

Otx2 mice (Figure 32), whereas some animals exhibited truncated lobes Il and Ill, others

exhibited a single spherical (rather than laminar) lobe in place of lobes I-llI, while a

subset of animals exhibited proper cerebellar foliation (Figure 32).

Wild Type

GFAP:Hi-Otx2

Figure 32 Cerebellar morphology of GFAP:Hi -Otx2 mice

Representative H & E -stained cerebellar sections from P21 mice are shown. Folia
are labeled. Note foliation defects (starred) are variable in GFAP:Hi  -Otx2 mice,
with some animals exhibiting normal foliation.

More focally, examination of serially -sectioned postnatal brains revealed the

accumulation of ectopic cell clusters in the white matter of the cerebellum and brainstem

at P3 and P7. Histologically, these ectopia resembled deeply basophilic, denselypacked

clusters of cells exhibiting granular nuclei (Figure 33), reminiscent of both neuronal

progenitor cells as well as preneoplastic lesions identified in various other animal

models that eventually develop medulloblastoma (Oliver et al. 2005; Gibson et al. 2Q0).
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The ectopia were very prevalent in the cerebellum, being identified in nearly every
single section (75%+ 14%, Figure 34) in every mouse at P3 and P7 (n=8), and in the
brainstem, the ectopia were identified in most animals (present in 7/8 animals at P3 or
P7) but were found at more discrete locations (Figure 34 and data not shown). Notably,
these ectopia were not histologically detectable at PO, and were quite rare and more
diffusely -clustered in P21 and adult animals, indicating that they were generated

postnatally and resolved as animals reached adulthood (Figure 34).

Wild Type GFAP:Hi-Ob2 GFAP:H-HObx2 Cerebellum GFAP:Hi-Otx2 Brainstem

Figure 33 Focal hyperplasia in GFAP:Hi -Otx2 mice

(A-F) H & E stained sections of P7 hindbrains from wild type (A, C, E) or GFAP:Hi -
Otx2 (B, D, F) mice. (G-H) Immunohistochemistry for Ki67 in the cerebellum (G) and
brainstem (H) of P7 GFAP:Hi -Otx2 mice. (I) Cartoon illustrating the location of field
depicted in (C -F). Arrows indicate ectopia. Fields A -B are shown at 4x magnification,

fields C -F are shown at 10x magnification, and fields G -H are shown at 20x
magnification.
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Figure 34: Prevalence of ectopia in GFAP:Hi -Otx2 mice over time

H & E stained sections were examined for the presence of ectopic cell clusters,
defined as basophilic, granular cells not present in any wild type animal, at
various timepoints. CB: cerebellum, BS: brainstem.

Immunohistochemistry for the proliferation marker Ki67 revealed that ectopic
cells of both domains were predominately engaged in the cell cycle at P7 (Figure 33).
Considering that these ectopia are resolved over time, these cells presumably exit the
cell cycle or undergo cell death at some point. To determine the fate of ectopia, we
immunostained P7 and P21 brain sections with markers of apoptosis (cleaved Caspase 3)
and differentiation (Zicl and NeuN, both neuronal differentiation markers). While there
was scant apoptosis in these cell clusters (Figure 35), we did observe staining with the
early differentiation marker Zicl at the periphery of ectopia at P7 and more uniform
induction of the late differentiation marker NeuN in the diffuse cerebellar ectopia o f P21

mice (Figure 35). Notably, we did not observe histological indicators of necrosis (such as
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pyknotic nuclei) at any of these timepoints. Collectively, these results suggest that
ectopia are first generated postnatally, proliferate transiently, and the n differentiate and
disperse into the white matter to eventually become histologically indistinguishable

from normal cell populations in these domains.

Differentiation at P7 Differentiation at P21

Ectopic Zicl in GFAP:Hi-Otx2
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Figure 35: Fate of ectopia in GFAP :Hi-Otx2 mice

P7 (A, C-H) or P21 (B) cerebella from wild type (C, E) or GFAP:Hi -Otx2 mice
were stained with the indicated antibodies. Arrows indicate ectopia. All images
shown at 20x maanification. CB: cerebellum. BS: brainstem.

4.5 Investigation of the distinct effects of Otx2 upon ne uronal
progenitor cells

4.5.1 Identification of neuronal progenitor cells as being distinctly
responsive to Otx2 overexpression

By broadly modeling the genetic alterations found in distinct medulloblastoma
subgroups, it has been possible to identify cell types that distinctly respond to such

alterations, which often correspond to the cellular origins of that particular tumor
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(Oliver et al. 2005; Gibson et al. 201Q)Thus, characterization of the cell types comprising
ectopically proliferating cells would re veal which cell lineages are distinctly affected by
ectopic Otx2 expression. Immunohistochemistry for various cell lineage markers
revealed that hyperplasias were predominately comprised of neuronal progenitor cells
(Figure 36 & 37). Furthermore, examination of these slides revealed normal morphology
and localization of other hindbrain cell types in postnatal GFAP:Hi -Otx2 mice (Figure 37
and data not shown). These results suggest that Otx2 overexpression distinctly affects
neuronal progenitor cells, and that this effect is not clearly associated with altered
migratory scaffolds provided by supporting glia. While ectopia from both cerebellum

and brainstem exhibited characteristics of neuronal progenitor cells [(namely expression
of the Math1-GFP reporter allele (Figure 36) and association with ectopic Zicl+ cells
(Figure 35 and 37)], the molecular phenotype of ectopia from the two domains are
distinct, such that cerebellar ectopia express the granule neuron lineage marker Pax6,
which was not expressed by brainstem ectopia (Figure 36). While the particular
brainstem neuronal progenitor cell comprising these ectopia is currently unknown, an
investigation of more specific neuronal markers and the induction of Otx2 in

increasingly -specific domains of the precerebelar system should clarify their spatial

origins and lineage identity.

76



Math1Dapi

Math1Dapi

Figure 36: Ectopia in GFAP:Hi -Otx2 mice resemble neuronal progenitor cells

Hindbrains from P7 (A, B) wild type or (C -F) GFAP:Hi-Otx2 mice were stained with
the indicated antibodies (A, C, E) or assessed for GFP fluorescence from the Mathl -
GFP reporter allele (B, D, F). Arrows indicate ectopia. All images shown at 20x
maannification.
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Figure 37: Staining for cell lineage markers and Otx2 protein in ectopia

P7 cerebella (A-F) or brainstems (G -L) were stained with the indicated antibodies
and shown at 20x magnification. Arrows indicate ectopia.

4.5.2 Validation of a migratory defect in cerebellar ectopia

The appropriate spatiotemporal regulation of GNP proliferation is critical to
proper cerebellar development and suppression of medulloblastoma formation (Oliver
et al. 2005; Dey et al. 2012)Considering that these cells are a known cell of origin for
medulloblastoma and their coordinated spatiotemporal proliferation and differentiation
processes are wellcharacterized (Wechsler-Reya and Scott 1999; Choi et al. 2005)ve

determined the spatial origin of these ectopic GNPs in GFAP:Hi-Otx2 mice. First, we
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noted rare cellular raphes contiguous with the EGL that exhibited features of
proliferating GNPs (expression of Ki67 and the Math1-GFP reporter and lack of Zicl
expression), much like the ectopia found in the white matter (Figure 38). To determine if
these ectopia were derived from the EGL and destined for the white matter, we
determined their localization as they were being actively generated. To this end, we
measured the distance of ectopia relative to either the cerebellar pial surface or to the
roof of the IVth ventricle in cerebellar sections of P3 and P7 animals (Figure 38E). These
spatial indicators suggested that ectopia were indeed being produced near the cerebellar
surface and migrating deep into the white matter. This finding suggests that Otx2
expression permits GNP migration from the EGL past the internal granule layer (IGL)
and deep into the cerebellum. This effect is consistent with a role for Otx2 in permitting
mitogenic niche-independent proliferation, resistance to differentiation signals in the

IGL, and disruption of migrational guidance. These findings are reflective of Otx2
affecting hallmark cancer pathways (Hanahan and Weinberg 2000)including growth
factor-independent proliferation, resistance to cell cycle checkpoints, and migration

(perhaps related to tumor metastasis) in untransformed hindbrain cells.
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Figure 38 Spatial origin of ectopia

(A-D) P7 cerebella from GFAP:Hi -Otx2 mice were H & E stained (A) or stained with

the indicated antibodies (B -D). (E) P3 and P7 cerebella were H & E stained and then

the location of ectopia relative to the pial surface or roo f of the fourth ventricle (VZ)
was measured. Distance is presented as microns.

4.5.3 Partial phenocopy of the focal hyperplasia phenotype in
Math1:Hi -Otx2 mice

We then sought to determine if Otx2 can give rise to ectopic proliferation in the
hindbrain when its expression is limited to neuronal progenitor cells. To this end, we
generated animals in which the Otx2 expression construct was activated specifically in
rhombic-lip derived neuronal progenitor cells by inducing the ROSA26s-°%2 construct
with the Math1l-cretransgene (Matei et al. 2005) These animals give rise to recombinant
GNPs (Yang et al. 2008)and neuronal progenitor cells of the precerebellar system
(Grammel et al. 2012) which we validated to express Otx2 in our model using co -
immunoflu orescence for Otx2 and neuronal progenitor cell markers (Figure 39).

Examination of H & E -stained sections from these animals revealed that ectopia of the

80



brainstem, but not the cerebellum, were recapitulated using this system of Otx2
induction (Figure 39E). These results indicate that Otx2 can ceHautonomously give rise

to ectopic proliferation of neuronal progenitor cells of the precerebellar system.
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Figure 39: Restricting Otx2 expression to Mathl -expressing neuronal progenitor
cells partially phenocopies hGFAP-cre induction of Otx2

(A-C, E) H & E stained sections were examined for the presence of ectopic cell
clusters. (D) P7 cerebella from Math1:Hi -Otx2 mice were stained with the indicated
antibodies. CB: cerebellum, BS: brainstem.

The mechanisms whereby Otx2 gives rise to cerebellar ectopia in GFAP:HiOtx2
mice but not Math1:Hi -Otx2 mice are currently unclear. Possibilities remain that (1)

expression of Otx2 in neural stem cells, but not GNPs, cellautonomously gives rise to

GNPs that exhibit these abnormal proliferative and migratory phenotypes (e.g. the
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neural stem cell to GNP differentiation process is altered), (2) the effect of Otx2 upon
GNPs occurs cel non-autonomously, or (3) ectopic localization is stochastic among
GNPs and thus relative to total recombined cells in GFAP:Hi -Otx2 mice, whereas
Math1:Hi-Otx2 mice do not recombine a sufficient quantity of GNPs to give rise to
detectable ectopia. Our obsrvations that Math1:Hi -Otx2 mice have undergone extensive
recombination and robust Otx2 induction in P7 cerebella (Figure 39D and data not

shown) leads us to favor either of the first two models.

4.6 Determining the ability of co -occurring genetic alterations to
cooperate with Otx2 to form medulloblastoma

4.6.1 Homozygous P53 deletion does not induce highly -penetrant
medulloblastoma in GFAP:Hi -Otx2 mice

Our studies have thus far established that Otx2 alters migrational guidance and
proliferation of hindbrain neuronal progenitor cells; however, the ability of these ectopic
cells to give rise to medulloblastoma is unknown. Validation of this potential would
prove that these hyperplasias are indeed precursors to medulloblastoma and can serve
as cells oforigin for Otx2 -expressing tumors. P53deletion alone using the hGFAP-cre
transgene has been shown to give rise to medulloblastoma at a low rate (~10%)Wang et
al. 2009) Although P53mutations are rare in non-Shh/non-Wnt medulloblastomas,
conditional or conventional P53null mice serve as a tool to inhibit oncogene-induced
failsafe mechanisms(Serrano et al. 1997and nonspecifically induce additional genetic

alterations (Wang et al. 2009) Such an approach has been validated to cooperate with
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established medulloblastoma initiation events such as constitutive Shh or Wnt pathway
activation (Uziel et al. 2005; Gibson et al. 2010)As such, we have sought to combineP53
deletion with Otx2 overexpression in the GFAP:Hi -Otx2 mice by generating ROSA26s+
owziskon2 P3N hGFAP-creanimals [using the strain described in (Jonkers et al. 2007))
hereafter referred to as GFAP:Hi-Otx2, P53"" mice, and monitoring them for
medulloblastoma formation. This genotype combination would give rise to Otx2 -
expressing hindbrain cells that resist oncogene-induced senescence or apoptosis and
harbor substantial genomic instability, which could at an appreciable rate give rise to
additional driver events in medulloblastoma formation. Crossing P53 #f alleles into the
GFAP:Hi-Otx2 mice proved to be problematic due to the extremely low fertility of
ROSA26s-ox2/s-oxz P53t females. Regardless, aging of a small cohort (n=5) of these
GFAP:Hi-Otx2, P53 animals for up to one year revealed that this genotype
combination does not give rise to medulloblastoma at high penetrance (Table 4 and
Figure 40). As described above, GFAP:HiOtx2 animals exhibit some premature death,
which was also apparent in GFAP:Hi -Otx2, P53"" animals (Figure 40 and 41). As such,
we also generated conditional P53null mice heterozygous for the knock -in construct
(e.g. ROSA26s-oxei+ P hGFAP-cre) to circumvent this premature lethality. Similar to
P53 hGFAP-creanimals [Table 4 Figure 41,and (Wang et al. 2009}, these mice
developed tumors on their flanks that histologically resembled sarcomas (data not

shown) and exhibited a low incidence of glioma formation (as indicated by GFAP
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positivity of intracranial tumors; data not shown), but did not develop

medulloblastomas.

Table 4: Spectrum of tumors and survival for mice harboring various combinations of
Otx2 expression and tumor suppressor deletions.

Animals were monitored regularly for symp toms of brain tumors.
Data are shown for postweaning animals only.
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Figure 40 (continued): Overall survival of mice expressing Otx2 and lacking various
tumor suppressors

Animals were monitored for the presence of symptoms of brain tumors or other
indications of morbidity (such as the presence of large flank tumors) and sacrificed
when symptomatic. Data are shown for postweaning animals only.
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GFAP:Lo-Otx2, P¥3(n=9)
GFAP:Hi-Otx2 (n=7)
GFAP:Hi-Otx2, P¥3 (n=5)
GFAP-cre, P83 (n=13)
GFAP:Lo-Otx2, P%3 PTER" (n=5)
GFAP:Hi-Otx2, P83, PTEY" (n=6)
83.3 % surviving one year

Figure 41: Pairwise survival comparisons between mice expressing Otx2 and lacking
various tumor suppressors

Log rank test p-values are presented for pairwise comparisons of the indicated
genotypes. Cohorts of animals were monitored for up to one year of age to genera te
survival curves. Percentage of animals of each genotype (indicated at the top of each

column) surviving the entire year is indicated at the bottom of each column. Data
are shown for postweaning animals only.

4.6.2 Genetic, but not functional, evide nce for cooperation of PTEN
and P53 heterozygous loss with  OTX2 alterations

A rational approach to combining Otx2 expression with candidate cooperating

genetic events would be to model the events that are found to co-occur with OTX2
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expression or copy humber gain in patient tumors. However, the common genetic
alterations of Group 3 and 4 medulloblastomas (which distinctly harbor OTX2 copy
number gain) are mostly limited to copy number gains of CDK6, MYC, MYCN, and
OTX2 itself (Figure 42). Notably, these alterations are largely mutually exclusive
(Northcott et al. 2009b; Northcott et al. 2012) and considering that OTX2 can
transcriptionally regulate MYC, these genes may constitute a single pathway.
Additionally, while epigenetic regulators such as CHD7, EZH2, MLL2/3, and UTX are
altered in Group 3 and 4 tumors, animal models for these loss-of-function and gain -of-
function events are unavailable or have only recently been developed. However, co-
occurring heterozygous losses of the classic tumor suppressorsPTEN and P53 often part
of broad chromosomal events (Northcott et al. 2009b; Northcott et al. 2011) have been
described in Group 3 and Group 4 medulloblastoma and do co-occur at a high frequency
with OTX2 copy number gains (Figure 42).

As such, we generated combinations of ROSA26s-ox2+ P53+ PTENY hGFAP-cre
(GFAP:Lo-Otx2, P53%, PTEN"+) mice and ROSA2@s-ox2is-onz P53+ PTENM+  hGFAP-cre
(GFAP:Hi-Otx2, P53"+, PTEN"*) mice [using the PTEN" strain described in (Trotman et
al. 2003] to model these genetic alterations found to frequently co-occur in
medulloblastoma. However, cohorts of these animals monitored for up to 11 months of
age did not develop medulloblastoma or other brain tumors. Thus, the genetic

alterations that can promote tumarigenesis in cooperation with aberrant Otx2 expression
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are yet to be determined. Future studies should address the contribution of rare
alterations in chromatin modification and remodeling genes in the pathogenesis of Otx2 -
driven medulloblas toma, as well as the role of Otx2 in tumorigenesis of other animal
models that generate Otx2-expressing medulloblastomas, such as theGIt1-tTA: TRE-

MYCN/Luc (Swartling et al. 2010)or Ctnnb1+f(ex3) p53# Blbp-cremice (Gibson et al. 2010)

A

WNT SHH Group 3 Group 4
r A r ) MYC, CDK6 CDK6, MYCN
Gains FGF20 CDK6, MYCN oTX2 one
PTEN (het],
Losses chré PTCHL, SUFU [ thet} TP53 (het)
. CTNNB1, APC || PTCH1, TP53 DDX31,
Mutations | 1oes muz/3 || muz/s mLL2/3 MLL2/3, UTX
\_ J\ J
Proportion
OTX2 gained tumors  All tumors
OTX2 gain 100% 23%
PTEN het. loss 65% 3%
TP53 het. loss 59% 43%
MYC gain 7% 7%

Figure 42: Genetic alterations present in medulloblastoma subtypes and individual
tumors harboring OTX2 copy number gain

(A) Subgroup -specific genetic alterations in medulloblastoma, from  (Lindsey et al.
2011; Northcott et al. 2011; Jones et al. 2012; Pugh et al. 2012; Robinson et al. 2012(B)
Copy number alterations enriched in individual ~ OTX2-gained tumors, from
(Northcott et al. 2009).
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4.6.3 The effect of Otx 2 upon tumor promotion in medulloblastomas
initiated by constitut ive Shh pathway activation

The animal model discussed above investigated the potential for Otx2 to initiate
medulloblastoma tumorigenesis. However, our previous studies in established
medulloblastomas indicate that Otx2 plays a role in tumor maintenance and
progression. As such, wetested the ability of Otx2 to contribute to medulloblastoma
formation in the context of an initiating mutation. To this end, we combined our
inducible Otx2 expressing mouse with the ND2:SmoAlstrain, which expresses a
constitutively active mutant of the Sh h pathway transducer Smoin cerebellar GNPs
(Hallahan et al. 2004) ND2:SmoAZ" mice are predisposed to the development of Shh
subtype medulloblastomas (Hallahan et al. 2004) Although Otx2 expression is excluded
from this medulloblastoma subtype in patie nts, the ND2:SmoAZ%* strain is a robust
model of medulloblastoma initiation, developing these tumors at approximately 50%
penetrance by six months of age(Hallahan et al. 2004) Furthermore, the potential for
medulloblastomas to interchange among the four subtypes is currently unclear; for
example, heterozygous deletion of PTEN in ND2:SmoA%¥* mice suppresses the Shh
pathway and gives rise to a nodular histology (Castellino et al. 2010) indicating that the
molecular and histological phenotype of medulloblastoma may transition in response to
particular genetic alterations. Reminiscent of Patched- mice (Oliver et al. 2005), tumor
formation in ND2:SmoAZX* mice is preceded by a preneophstic state in which GNP cells

form Math1 -expressing rests or masses at the cerebellar surface (Figure 43). As such,

88



induction of ROSA28+-°%2 via the M athl-cretransgene (Matei et al. 2005)will initiate

Otx2 expression at an early stage of tumorigeness in this model.

wild Type ND2:SmoA1Y"

Math1 DAPI

Figure 43: Preneoplastic lesions of ND2:SmoA1 mice express Mathl

Math1 -GFP transgenic mice on either a wild type or ND2:SmoAl +*- background were
assessed for GFP fluorescence at either P7 (Wild Type) or adulthood (ND2:SmoA1 +).

ND2:SmoAZ%* animals expressing high level of Otx2 (e.g. ND2:SmoAZT+,
ROSA26s-ox2/Lskoxz Math1-cre subsequently referred to as $noAl, Math1:Hi-Otx2 mice)
by essence ofMathl1-creactivation exhibited a trend towards decreased tumor latency
relative to control ND2:SmoAZ*, ROSA26-s-ox2/iskox2 mice; however, this survival
difference did not reach significance (Figures 44 and 45;p = 0.3726, logrank test) with
the current cohort sizes and timepoints. Assessment of larger cohorts of SmoAl,
Math1:Hi-Otx2 mice should give more power to this statistical comparison. Histological
examination of tumors derived from SmoA1l, Mathl:Hi -Otx2 mice did not reveal clear
morphological difference s between these and control tumors; namely, tumors from both
genotypes exhibited moderate anaplasia as indicated by apoptotic cells distributed

throughout the tumor (Figure 46) but lack of nuclear enlargement, wrapping, or other
89



pleomorphism characteristic of severely anaplastic or large cell anaplastic
medulloblastoma. The current data support a potential role for Otx2 to contribute to
tumorigenesis through effects upon tumor promotion, although additional studies will
be necessary to validate the trend tovards decreased tumor latency. Although tumor
histology was largely unaffected by Otx2, further studies of tumor molecular phenotype
(i.e. microarray analysis of tumors or immunohistochemical detection of subtype -
specific antigens) will be required to dete rmine if Otx2 actually alters the tumor
phenotype or rather accelerates the formation of phenotypically -equivalent
medulloblastomas.

It should be noted that control mice homozygous for ROSA26 s-0x2 exhibited
decreased tumor latency relative to control animals heterozygous for this knock -in allele
(Figures 44-45). This effect may indicate a contribution of the endogenous ROSA26
transcripts or rather a suppressive effect of high neoexpression from the unrecombined
ROSA26s-ox2 construct to tumorigenesis. We cannot rule out the contribution of the neo
gene (which is only deleted in SmoA1, Math1:Hi -Otx2 mice) to our observations. Similar
effects could also explain the reduced prevalence of flank tumors observed in GFAP:Hi-

Otx2, P53 mice (Figure 41, Tale 4).
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Figure 44: Tumor latency in ND2:SmoA1l *- mice expressing low and high levels of
Otx2

Animals of the indicated genotypes were monitored regularly for symptoms of
medulloblastoma and sacrificed when symptomatic. All medulloblastomas were
histologically verified.
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Figure 45: Pairwise survival comparisons between ND2:SmoA1 *- animals
expressing various levels of Otx2

Log rank test p-values of tumor -free survival are presente d for pairwise
comparisons of the indicated genotypes. Animals were monitored for symptoms of
brain tumors and sacrificed when symptomatic, and medulloblastoma was then
confirmed histologically. Percentage of animals of each genotype (as indicated at
the top of each column) surviving for one year is indicated at the bottom of each

column.

Further studies will be required to define the effects of disrupting the ROSA26locus or
expressing neoupon tumorigenesis in mouse models; however it should be noted that
other tumor -prone animal models have been generated from mice homozygous for
ROSA26insertions containing the neogene (Murphy et al. 2008). Regardless, the effect of
high Otx2 upon tumorigenesis in the ND2:SmoAX" model is encouraging with regards

to the potential functional contribution of this gene to intermediate stages of

medulloblastoma tumorigenesis.
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Figure 46: Histology of medulloblastomas from SmoAl1 *, Math1:Hi -Otx2 and control
mice.

Representative images of H & E stained tumors harvested from mice of the indicated
genotype. All fields shown at 63x magnification. Green arrows indicate apoptotic
cells.
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5. Conclusions and future directions

5.1 OTX2 genetic alterations, overexpression, and its role in
tumor maintenance

5.1.1 Spectrum of OTX2 genetic alterations and overexpression
across medulloblastoma subtypes

Our studies have revealed various roles for OTX2 in medulloblastoma
tumorigenesis and tumor maintenance, and have generated a model of OTX2
dysregulation in the formation of this tumor from the developing hindbrain. Our initial
work focused upon the extent of OTX2 dysregulation in medulloblastoma and its role in
tumor maintenance. Although copy number alterations are typically rare genetic
alterations, gain of OTX2 occurs at a high frequency (21%) in medulloblastoma
(Adamson et al. 2010) strongly implicating this gene in the pathogenesis of this tumor.
Driver oncogenes are presumably overexpressed as a consequence of copy humber
gains, and we indeed found that OTX2 is expressed at a high level in the majority of
medulloblastomas (74%) (Adamson et al. 2010) Considering that the minimal region of
overlap of the frequent chromosome 14 copy number gains in medulloblastoma contains
this single gene, and that the genes adjacent toOTX2 are not frequently expressed in
medulloblastoma (Boon et al. 2002) these findings are very strong evidence that OTX2 is
the target of these alterations and suggest that its expression provides a selective
advantage to emerging or established medulloblastoma. Our functional studies have

revealed that all OTX2-expressing medulloblastoma cell lines depend upon sustained
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OTX2 expression for proliferation (Adamson et al. 2010) and that MYC transactivation is
one mechanism d OTX2-mediated tumor maintenance. Interestingly, some
medulloblastomas that overexpress OTX2 do not express MYC, indicating that OTX2
has functions independent of MYC transactivation. As most medulloblastoma cell lines
express high levels of MYC and OTX2and thus likely represent the Group 3 molecular
subtype, the establishment of Group 4 subtype experimental models should contribute

substantially to the characterization of MYC -independent roles of OTX2.

5.1.2 Critical transcriptional targets of OTX2 in me  dulloblastoma

OTX2 is a unique oncogene whose role in tumorigenesis has only recently been
investigated. As such, various recent studies have sought to determine the target genes
for this transcription factor. In our work, we identified OTX2 binding sites and regulated
genes using ChlP-chip and microarray analysis to reveal the functional classes of genes
regulated by OTX2. In support of our findings, various reports have identified cell cycle
and neuronal development genes as OTX2 targets in the D425 meduloblastoma cell line
(Bunt et al. 2011a) suggesting that OTX2 suppresses differentiation and maintains cell
cycle progression in tumor cells. With the exception of MYC, the requirements for
individual OTX2 -regulated genes for the maintenance of the OTX2mediated tumor
phenotype is not known; however, the complexity of these OTX2 -regulated cellular
processes and the redundancies therein may reveal that few single genes are

independently responsible for the effect of OTX2 upon proliferation and differentiati on.
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While our study found binding and regulation of MYC by OTX2 (Adamson et al. 2010)
other studies failed to identify a transcriptional regulatory relationship between these
genes(Bunt et al. 2010; Bunt et al. 2011a)These inconsistencies may reflect different
OTX2 expression levels and assay conditions used in the different studies; however,
both studies revealed that OTX2 is required for MYC protein expression, validating this
regulatory relationship at some level. Uniquely, we found that OTX2 binds
disproportionately to genes distinguishing medulloblastoma from normal cerebellum
(Pomeroy et al. 2002) This observation is supported by genomic studies identifying
enrichment for the binding motifs for CRX or OTX2 (whi ch are nearly identical) in active
transcriptional regulatory regions of highly -expressed genes in the D721
medulloblastoma cell line (Natarajan et al. 2012)

Studies of transcriptional regulation by both OTX2 and MYC have revealed that
these factors oftenbind to promoters of the same genes(Bunt et al. 2011b) indicating
that OTX2 regulation of MYC may serve as a feedforward loop, thereby reinforcing the
expression of OTX2 target genes. Such a model is supported by recent findings that
MYC acts promiscuously to enhance existing transcriptional programs (Lin et al. 2012)
Interestingly, Group 3 and 4 medulloblastomas have been proposed to represent a
continuum of molecular phenotypes, with OTX2 expression being a ubiquitous feature
of these tumors and MYC expression associating with the most aggressive subset of

these tumors (Cho et al. 2011) The potential for this OTX2-MYC regulatory loop to
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mediate tumor progression within these subgroups is an attractive yet untested
possibility. Similarly, as OTX2 is n ot sufficient to induce MYC transcription in some
cellular contexts, identification of the factors that drive MYC expression in cooperation
with OTX2 would be informative regarding the critical differences between Group 3
(which express high levels of OTX2 and MYC) and Group 4 (OTX2*, MYC")
medulloblastoma. In other words, while MYC has been suggested to contribute to
medulloblastoma progression (Stearns et al. 2006)it is unclear how MYC is upregulated

in Group 3 tumors independent of MYC copy number gains.

5.2 The mechanisms of OTX2 dysregulation in medulloblastoma

Understanding the mechanisms whereby oncogenes are overexpressed would
reveal avenues for therapeutic interventions by inhibiting expression (and thus activity)
of oncogenes that are not amenaltte to inhibition at the protein level. Proof of principle
for this concept is reflected in studies of small molecule-mediated transcriptional
repression of MYC (Delmore et al. 2011)and OTX2 (Di et al. 2005) Additionally, the
discovery of pathways commonl y altered in tumors has potential to facilitate the design
of rational therapeutic interventions. Targeting pathways (rather than individual gene
products) that are critical for tumor maintenance could better account for the
heterogeneity found in tumors e xhibiting alterations in various checkpoints of
continuous, shared pathways (Cancer Genome Atlas Research Network, 2008) .

Similarly, the construction of transcriptional regulatory networks may begin to form
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such linear relationships that could ultimately be exploited in tumor subtypes that are

otherwise heterogeneous.

5.2.1 Model for OTX2 dysregulation during medulloblastoma
tumorigenesis

In this work, we have identified that OTX2 transcription in medulloblastoma is
regulated at many stages, including that of promoter DNA methylation, chromatin
accessibility of regulatory elements, and activity of trans-acting regulators (particularly
that of OTX2 protein). The observation that at the endpoint of tumor formation, OTX2
expression is selfreinforcing and requ ires accessibility of proximal and distal regulatory
elements, it is most likely that this regulatory state is inherited from the tumor cell of
origin. The de novanduction of OTX2 during tumor formation would require the
concerted binding of various regu latory factors to mediate chromatin accessibility and
transcriptional activation of the OTX2 gene (Song et al. 2011; Thurman et al. 2012)As
we have demonstrated that OTX2 is required for activation of a distal enhancer at DHS
4, which was the only differ entially -active OTX2 enhancer in medulloblastoma, the
regulatory landscape of OTX2 found in medulloblastoma is expected to be contingent
upon preexisting OTX2 protein expression. Notably, during embryonic brain
development, key positively -acting medullobla stoma DHS sites of theOTX2 locus are
marked with chromatin modifications indicative of strong enhancer and promoter

activity, suggesting that these regulatory elements are utilized in some OTX2-expressing
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cell type in the developing brain. Given our curre nt model, these cells likely serve as the
cellular origins of OTX2 -expressing medulloblastoma.

Our findings that OTX2 expression in medulloblastoma is likely to be inherited
from the tumor cell of origin implies that the failure to suppress OTX2 during nor mal
development underlies its expression in tumors. It has been described elsewhere that
Fgf8 and Gbx2 suppress Otx2 in the hindbrain (Li et al. 2002; Sato and Joyner 2009)
Additionally, various other genes have been implicated in Otx2 regulation at disti nct
domains and developmental stages (Schumacher et al. 1996; Carver et al. 2001;
Kurokawa et al. 2004a; Hsiau et al. 2007; Hurd et al. 2007; Pasini et al. 2007; Takasaki et
al. 2007; Sharov et al. 2008; Jia et al. 2009; Corbo et al. 2010; Muranishi etz2011; Inoue
et al. 2012) However, none of the previously -described developmental regulators clearly
associate with Otx2 expression in established tumors (Figure 46), indicating that the
nature of Otx2 regulation is either transient (e.g. operative during tumor initiation but
not intact in established tumors) or involves alternative repressors. For example,
deleting Gbx2 in the embryonic hindbrain using Enl-cregives rise to Otx2-expressing
cerebellar ectopia(Li et al. 2002) The lineal relationship betwe en these ectopia (which
resemble midbrain neurons) and cerebellar ectopia of GFAP:Hi-Otx2 mice (which
resemble GNPs) is yet to be determined, though a role for Gbx2 in suppressive aberrant

proliferation through its effects on Otx2 is encouraging with regar d to our current
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findings of Otx2 transcriptional regulation and the consequences of its overexpression in

Vivo.
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Figure 47 (continued): Expression of developmental OTX2 regulators in
medulloblastoma

(A) Association between OTX2 expression and that of known developmental OTX2
regulators in a panel of medulloblastomas as determined by SAGE (Boon et al. 2002)
*Previously implicated in medulloblastoma, references: Chd7  (Robinson et al. 2012),

Lefl/Tcf7 (Northcott et al. 2011), Smad3 (Northcott et al. 2012), Eed (Robinson et al.

2012) Hesl1 (Hallahan et al. 2004), and Suz12 (Robinson et al. 2012)6 wb UUOE

reversed relative to expected expression pattern (e.g. for activator or repressor
function). cis-elements refer to elements shown in Figure 22. (B -C) Expression of
most significantly OTX2 -correlated genes (or negatively -correlated in the case of
repressor genes) in medulloblastoma indicates these statistical differences are
largely driven by outli ers, as labeled with asterisks. (D) Strong association between
OTX2 and MYC expression is shown as an example of a gene exhibiting a known
regulatory relationship and strong correlation with OTX2.

5.2.2 The role of CRX in retinoid -mediated repressi on of OTX2

The construction of an OTX2 regulatory pathway has potential to inform the
design of OTX2-targeted therapeutics against medulloblastoma. However, the
identification of the OTX2 autoregulatory loop in medulloblastoma is not clearly
exploitable for therapeutic targeting, as it does not reveal additional factors other than
OTX2 itself in the positive regulation of this key oncogene. However, our findings that
CRX serves as a transcriptional repressor that links retinoic acid signaling to OTX2
repression is relevant to a currently -proposed medulloblastoma therapy. It has been
appreciated for some time that medulloblastoma is responsive to retinoic acid treatment
(Hallahan et al. 2003) Retinoic acid is a differentiation agent that exhibits activity ag ainst
a broad spectrum of tumor types; generally through a diversity of signaling pathways

and cellular responses (reviewed in: Wortham and Yan 2009). In medulloblastoma, for
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example, retinoids affect the GNP-like differentiation state in Shh group

medullo blastomas (Zhao et al. 2008)but affect non-Shh medulloblastomas by silencing
OTX2 [(Bai et al. 2010)and Figure 6] and inducing bone morphogenic proteins (Hallahan
et al. 2003) which themselves serve as differentiation agents. Although these responses
are robustin vitro, preclinical studies applying retinoids to solid medulloblastomas have
revealed minimal effects on xenografted tumors grown in the flank (Spiller et al. 2008)or
intracranially (Bai et al. 2010) Consequently, an improved understanding of the
mechanisms of retinoid -induced growth suppression in medulloblastoma could help to
clarify the contradictory findings from in vitro and in vivo experiments. If retinoic acid
resistance occursin vivo through a failure to repress OTX2, it is possible that defective
CRX induction plays some role, and thus identifying strategies of enhancing or
reinforcing CRX induction during retinoic acid treatment could circumvent in vivo
retinoid resistance. Addition ally, future work should address the consequences of CRX
upregulation alone in medulloblastoma, as such studies could reveal additional

vulnerabilities of these tumors.

5.2.3 Cell populations in the developing brain utilizing the
medulloblastoma -specific OTX2 enhancer

Given our observations that a regulatory element present at DHS 4 is distinctly
active in OTX2-expressing medulloblastoma, it would be of interest to define the cell
types of the developing hindbrain that utilize this enhancer element. Mapping

chromatin mo difications of the developing brain (including the forebrain, midbrain, and
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hindbrain) indicates that some cell population of this tissue exhibits enhancer marks at a
region homologous to DHS 4. Although we have revealed that this enhancer is regulated
by OTX2 protein, it is not utilized by all cell types that express OTX2 (such as ES cells,
see Figure 10), indicating that its activity requires additional positive regulators and will
not overlap completely with OTX2 expression in vivo.

Considering our observations of OTX2 regulation in the embryonic brain and
medulloblastoma, identification of the cells utilizing this enhancer element during
proper development could identify the cell types potentially giving rise to these tumors.
As there are currently no genetic models of Group 3 and 4 medulloblastoma, the cellular
origins of these tumors are unclear. The generation of DHS 4 reporter animals (e.g.
reveal specific cell types exhibiting similar OTX2 regulation as medulloblastoma. Such a
study would additionally distinguish such cells from those that express OTX2 via
alternative enhancer elements. Ultimately, the ability of these cells to give rise to
medulloblastoma could be tested by modeling Group 3 and 4 genetic alterations (such as
MYC/MYCN overexpression or others discussed in Chapter 5.3.2 below) within these
cell populations using transgenic mice expressing cre under control of the DHS 4

enhancer.
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5.3 The effect of aberra nt Otx2 expression upon development of
the hindbrain and its relationship to medulloblastoma
tumorigenesis

5.3.1 Potential mechanisms of Otx2 -induced migration and ectopic
proliferation of hindbrain neuronal progenitor cells

In this work, we have characterized the functional consequences of broad Otx2
overexpression upon development of the cerebellum and brainstem. While Otx2 has
been studied in established medulloblastomas for some time, the effects of Otx2
overexpression in the anatomical location of medulloblastoma formation has not been
previously investigated. We have uncovered a role for aberrant Otx2 in altering the
spatiotemporal restrictions upon neuronal progenitor cell proliferation in the developing
hindbrain. While neuronal progenitor cells of the cerebellum and brainstem normally
proliferate at well -defined mitogenic niches at the EGL (Choi et al. 2005)and lower
rhombic lip (Altman and Bayer 1997), respectively, aberrant Otx2 expression in these cell
types gave rise to proliferation outside of these niches. Additionally, as differentiation
signals outside of the mitogenic niches play some role in limiting proliferation of
hindbrain neuronal progenitor cells (Choi et al. 2005) ectopic Otx2 expression
circumvents such growth -inhibitory signals. Finally, Otx2 disrupts the appropriate
migration of these cell populations from their mitogenic niches to their final destinations
in the cerebellar IGL and at various discrete locations of the brainstem. As such, Otx2
confers various characteristics of cancer (Hanahan and Weinberg 2000)upon postnatal

hindbrain progenitor cells, including growth factor -independent proliferation,
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circumvention of growth inhibitory signals, and altered migration characteristics (which
may have some relevance to metastatic cpacity in established tumors). Although the
mechanisms whereby Otx2 mediates these effects is currently unclear, in established
medulloblastomas Otx2 directly regulates cell cycle genes [Table 1 and(Bunt et al. 2010;
Bunt et al. 2011a), which could contr ibute to the behaviors of heuronal progenitor cells
in GFAP:Hi -Otx2 mice. Such relationships are underscored by the phenotypes ofRb""
hGFAP-cremice (Shakhova et al. 2006)and p27- mice (Miyazawa et al. 2000). As we did
not consistently detect MYC upregulation in cerebella of GFAP:Hi -Otx2 mice (data not
shown), the role of MYC in mediating the observed phenotypes of these mice is
currently unclear. The effect of Otx2 upon migration of neuronal progenitors or
medulloblastoma cells has not been previously -described. Notably, we did observe
enrichment of genes involved in cell migration and cell motility bound an d
transactivated by OTX2 (Table 1), which may have some mechanistic relevance to the
phenotypes observed in untransformed hindbrain cells of GFAP :Hi-Otx2 mice. The
normal migration of GNPs into the IGL is mediated by the chemokine pathways
transduced by the SDF1 receptor CXCR4(Zou et al. 1998)as well as by the Netrin
receptor Unc5c (Kuramoto et al. 2004). Interestingly, CXCR4or Unc5cknockout mice
exhibit progenitor cell migration phenotypes in both the cerebellum and brainstem (Zhu
et al. 2009; Kim and Ackerman 2011)much like those observed in GFAP:Hi-Otx2 mice.

Experimental demonstration of the relationship between Otx2 and these chemokine
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signaling pathways in vivo should be pursued in future work. Additionally, the
identification of novel targets of Otx2 when it is ectopically expressed in the hindbrain,
for example by ChlP-seq analysis, would be informative regarding the mechanisms of
Otx2-induced ectopia formation in these mice. The effect of Otx2 upon cell autonomous
regulators of neuronal progenitor cell proliferation, in contrast to effects upon the
microenvironment, is also yet to be characterized. Determining the ability of neuronal
progenitor cells of GFAP:Hi-Otx2 mice to proliferate aberrantly in the context of the wild
type cerebellar microenvironment, for example, following transplantation or in

cerebellar slice culture, would clarify the nature of the observed effects of Otx2.

5.3.2 Alternative and additional strategies of deriving Otx2 -initiated
medulloblastomas

Although we observed a phenotype reminiscent of medulloblastoma precursor
lesions (Oliver et al. 2005; Gibson et al. 201Q)the relationship between these cells and
medulloblastoma have not been verified. Such studies would require the derivation of
full -blown tumors from the GFAP:Hi -Otx2 mice and subsequent validation that these
tumors were derived from the cerebellar or bra instem ectopia described herein.
Considering our observation that Otx2 -induced ectopia differentiated as the animals
reached adulthood and that the duration of proliferation for ectopia was comparable to
that of normal GNPs, it is likely that intrinsic reg ulators of cellular lifespan limit the
ability of these cells to be fully transformed by Otx2. Complete transformation may then

additionally require disruption of known mediators of GNP cell cycle exit and
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differentiation. For example, combining Otx2 overe xpression with deletion of Rbor P27,
which are known to limit GNP proliferation as they migrate away from the EGL
(Miyazawa et al. 2000; Shakhova et al. 2006)may exhibit synergistic effects with Otx2.
Additionally, as Otx2 is known to induce senescence in some cellular contexts (Bunt et
al. 2010) the CDK inhibitor classically associated with senescence,p2l, could be deleted
to determine the ability of Otx2 to give rise to tumors when oncogene -induced sensence
is circumvented. However, it should be note d that we did not observe highly -penetrant
medulloblastoma from a combination of Otx2 expression and P53deletion, yet p53 is
also known to mediate oncogene-induced fail -safe mechanisms in some contexts
(Serrano et al. 1997)ncluding medulloblastoma forma tion (Pei et al. 2012)

An additional strategy of engineering tumors is to model genetic alterations
known to co-occur in patient samples. Although we have modeled frequent low -level
copy number alterations of PTEN and P53that are known to co-occur with OTX2 copy
number gain, targets of genetic alteration in OTX2-expressing tumors continue to be
revealed. Such studies have identified copy number alterations or mutations of the
epigenetic modifiers CHD7, EZH2, MLL2/3, and UTX in Group 3 and 4
medulloblastom as (Jones et al. 2012; Pugh et al. 2012; Robinson et al. 201®%Jhether
these alterations directly influence OTX2 expression status, or rather give rise to cellular
phenotypes complementary to those of OTX2 overexpression, is yet to be determined.

Mutation s that co-occur with OTX2 gains are rare; however, loss-of-function mutations
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of the RNA helicase DDX31 were recently identified to co -occur in a substantial
proportion (3/7) of tumors exhibiting OTX2 copy number gain (Pugh et al. 2012)
implicating this e vent as being potentially cooperative with OTX2 overexpression. The
functional validation that any of these genetic alterations indeed cooperate with OTX2
when incorporated into the GFAP:Hi -Otx2 model is yet to be determined and should be
the subject of future studies.

It should be noted that our strategy of overexpressing Otx2 has some technical
limitations that could affect the interpretation of this phenotype. First, it is unclear if the
expression level of Otx2 is sufficiently high in this model so as to mimic the
overexpression observed in medulloblastoma. Using normal cerebellum as a reference,
GFAP:Hi-Otx2 animals exhibit ~10-fold induction of Otx2 (Figure 28). While some
medulloblastomas express a similar level of OTX2 mRNA relative to normal cerebellum,
over 100-fold overexpression has been described in some cell lines(Di et al. 2005) Thus,
a system that expresses higher levels of Otx2 by transgenic overexpression or viral
transduction of Otx2 cDNA could test the ability of increased Otx2 expressi on to
transform hindbrain cell types. Finally, although the hGFAP-cretransgene drives broad
Otx2 expression in our current mouse model, it is possible that the true cell of origin for
Otx2-expressing medulloblastoma has already been generated by the time
recombination occurs in these animals. For example, progenitors of cerebellar Purkinje

cells do not undergo robust recombination using the hGFAP-cretransgene (Yang et al.
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2008) and the potential for these cells to give rise to hon-Shh medulloblastoma is
unknown. Thus, it would be of interest to attempt to derive medulloblastomas using
alternative transgenes engineered to express cre at earlier developmental timepoints or
in specific cells predicted to give rise to Group 3 or 4 medulloblastomas based ongene
expression patterns (as exemplified by Gibson et al. 2010)or other characteristics of

these tumors (seeChapters 5.2.3 and5.4).

5.4 Implications of OTX2 autoregulation for the phenotype
observed in GFAP:Hi -Otx2 mice

Our studies have described the mechanisms of OTX2 dysregulation in
medulloblastoma as well as the effects of OTX2 overexpression on the developing
mouse hindbrain. In the case that the ectopia that accumulate in GFAP:Hi-Otx2 mice
truly represent a medulloblastoma precursor lesion, which is yet to be determined, the
genomic and in vivo studies described hereinwould reveal some complementary
observations. While we described that OTX2 expression is likely to be inherited from the
tumor cell of origin based on its observed transcriptional regul ation in established
medulloblastomas, it follows that the phenotype observed in GFAP:Hi -Otx2 mice could
occur due to the failure of some OTX2-expressing cell to repress OTX2 over the course of
normal hindbrain development. Our experiments with different ¢ re drivers also suggest
that this phenotype relies on Otx2 induction at an early stage of GNP specification (or
prior to GNP specification). Otx2 expression has been identified in portions of the

rhombic lip (Frantz et al. 1994)but not in the cerebellar ventricular zone (Jones et al.
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2009) The rhombic lip does not express cre protein in Mathl-cre animals (Yang et al.
2008) and thus in Math1:Hi -Otx2 mice, Otx2 expression would be initiated at the EGL
rather than the rhombic lip. If ectopia of GFAP:Hi -Otx2 mice form due to a failure to
repress Otx2 through a normal developmental program, Otx2 would most likely be
inherited from newly -specified GNPs of the lateral rhombic lip that naturally express
Otx2 (Jones et al. 2009)This hypothesis could be experimentally addressed using Otx2-

creERmice (Fossat et al. 2006)o enforce Otx2 expression in these cells.

5.5 Summary and closing remarks

Our studies have comprehensively investigated the mechanisms of OTX2
dysregulation and its functional consequences in medulloblastomas and its anatomical
origins. This work has revealed stark differences between the transcriptional and
genomic landscape ofthe OTX2 gene among distinct medulloblastoma subgroups.
Additionally, we have revealed cellular phenotypes reminiscent of cancer hallmarks
induced by Otx2 in normal hindbrain cells. Although we have yet to establish an animal
model of Otx2 -driven medullob lastoma, these studies establish a framework for the
assessment of cooperating genetic alterations in promoting medulloblastoma
development from aberrantly -proliferating cells described herein. We foresee great
strides being made by applying the findings o f medulloblastoma genomic studies to the
modeling of these alterations in the developing hindbrain alone and in combination with

Otx2.
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Appendix

Figures and tables from Chapter 2, with the exceptions of Figures 6 and 7 and
Tables 1 and 2, were aapted (or reprinted) by permission from the American
Association for Cancer Research:Adamson DC, Shi Q, Wortham M, Northcott PA, Di C,
Duncan CG, Li J, McLendon RE, Bigner DD, Taylor MD and Yan H, OTX2 is critical for
the maintenance and progression of Shhindependent medulloblastomas, Cancer
Research2010, 70(1), 18191. Figures from Chapter 4, which were originally published
in (Wortham et al. 2012)are covered by the creative Commons License, under which

authors retain copyright ownership for published work as according to PLoS policy.
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