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ABSTRACT OF THE DISSERTATION

Identifying Molecular Mechanisms and Cellular Origins

of Cancers of the Nervous System

by

Jonathan Kikuo Nakashima
Doctor of Philosophy in Molecular and Medical Pharmacology
University of California, Los Angeles, 2013

Professor Hong Wu, Chair

Cancers of the nervous system are the most common type of solid tumors among children.
They are a heterogeneous population of benign and malignant tumors that growth within the
central or peripheral nervous system. The molecular mechanisms governing onset and
progression, and the cellular origins of these cancers remain intense areas of research. We
created mouse models that develop multiple tumors in both the central and peripheral nervous
systems. We deleted Pten and activated K-ras using Cre-lox technology driven by the mouse
GFAP promoter. Our models develop benign neurofibromas that progress to malignant
peripheral nerve sheath tumors, optic nerve tumors, and malignant brain gliomas. We find that
loss of the PTEN tumor suppressor is critical in the onset and progression of these tumors. In
addition, we show that ‘®F-fluorodeoxyglucose positron emission tomography can distinguish

peripheral nerve sheath tumors as benign or malignant, and is an effective modality to monitor



therapeutic response to multi-kinase inhibitors. Furthermore, we establish a new cell-of-origin in
malignant brain gliomas. We deleted Pten and activated K-ras in adult neural stem cells of the
mouse brain and performed developmental tracing analysis to determine where in the neurogenic
niche tumors initiated. We show that gliomas initiate from a region called the subcallosal zone
(SCZ), the caudal extension of the subventricular zone (SVZ). We find that progenitors in the
SCZ transform prior to those in the SVZ, and that the cellular compositions in each region are
uniquely affected by our genetic manipulation. These results reveal a critical role of the SCZ in
gliomagenesis. As such, these studies define a novel molecular mechanism in the progression of

peripheral nerve sheath tumors, and propose a new cell-of-origin in brain gliomas.
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Chapter 1:

Overview



Introduction

Cancers of the nervous system are the most common type of solid childhood tumors,
accounting for approximately 21 percent of all childhood neoplasms (American Cancer Society,
2013). These tumors represent a heterogeneous population of cancers, both benign and
malignant, which grow within the central nervous system (CNS) or are associated with the
peripheral nerves. There are a number of hereditary syndromes that predispose an individual to
developing a nervous system tumor, the most common being Neurofibromatosis type 1 (Reed
and Gutmann, 2001).

Neurofibromatosis type 1 (NF1) is one of the most common autosomal dominant
disorders in the world, affecting 1 in 3000 people (Ferner, 2007). NF1 is a single gene-
determined disease caused by mutations in NF1. This gene, residing on chromosome 17q, is one
of the largest in the genome, encompassing 60 exons and producing a 320 kDa protein called
neurofibromin (Chen and Gutmann, 2013). Neurofibromin negatively regulates RAS proto-
oncogene activity, accelerating the conversion of GTP-bound RAS to its inactive GDP-bound
form. In this respect, loss of neurofibromin leads to increased RAS activity and subsequent
RAS/RAF/MAPK pathway activation, causing unregulated cell migration, differentiation, and
proliferation (Zhu and Parada 2002). The somatic effects of RAS activation causes a wide
spectrum of disease symptoms observed throughout multiple organ systems in NF1 patients
(Ferner et al., 2006).

In particular, the nervous system is affected most by the loss of neurofibromin. A
cardinal symptom of NF1 is the growth of a neurofibroma. These benign peripheral nerve sheath
tumors (BPNST) are composed of a mixture of Schwann cells, fibroblasts, perineural cells, and

mast cells (Le and Parada, 2007). Neurofibromas can form as cutaneous or subcutaneous masses,



or as plexiform lesions that involve multiple nerve fascicles, often invading the surround tissue
or blood vessels (Ferner, 2010). Cutaneous neurofibromas occur in 99% of NF1 patients, and
while they are unable to undergo malignant transformation, they are often a source of
psychological distress due to disfigurement. Subcutaneous and plexiform neurofibromas
develop on peripheral nerves in approximately 60% of NF1 patients. These tumors often cause
pain and neurological impairment, and can undergo malignant transformation. NF1 patients
have a 10% life-time chance of developing a malignant peripheral nerve sheath tumor (MPNST),
which usually arises from a pre-existing neurofibroma (Patil, 2012). Individuals with NF1 are
also at increased risk of developing brain tumors. The most common tumor found in the brain
are low-grade pilocytic astrocytomas in the optic nerve and chiasm, occurring 20% of the time
(Listernick, Louis et al. 1997). Cerebral gliomas, including the most malignant form,
glioblastoma multiforme (GBM), are also observed in NF1 patients (Brems et al., 2009;
Rosenfeld et al., 2010; Brokinkel et al., 2013).

Gliomas are the most common primary cancers of the central nervous system (Lim et al.,
2011). They comprise a heterogeneous group of tumors that histologically resemble glial cells,
including astrocytes and oligodendrocytes. Clinically, they are described as astrocytomas,
oligodendrogliomas, ependyomas, and mixed gliomas. Astrocytomas are the most common of
these types of tumors, and are classified by the World Health Organization (WHO) into four
different grades (Louis et al., 2007). Grades | and Il astrocytomas are low-grade and less
aggressive tumors, whereas Grades Il and IV are malignant. Malignant astrocytomas are
characterized by their high proliferation rate (Grade I11) and the presence of necrotic tissue and
angiogenic activity (Grade 1V). Grade IV astrocytoma, also referred to as glioblastoma

multiforme (GBM), accounts for the majority of astrocytomas and has a median survival of less



than two years, making it one of the most lethal of all cancers (Huse et al., 2013). The
propensity to develop manifestations throughout the nervous system has provided valuable
insight of the role of NF1 and the RAS/RAF/MAPK pathway in nervous system cancers, and has
paved the way for the development of mouse models.

Murine homologs for Nfl have been knocked out via homologous recombination
(Gutmann and Giovannini 2002). Nfi” mice die during embryogenesis due to cardiac
development failure while Nf1*" mice show no hallmark of the human NF1 phenotype (Brannan
et al., 1994; Jacks et al., 1994). Chimeric mice bearing Nfi”" cells develop plexiform
neurofibromas, suggesting that Nfl loss of heterozygosity (LOH), or Nfl gene dosage, is
essential for NF initiation. However, no dermal neurofibromas were reported (Cichowski et al.,
1999). Nf1 conditional knockout mice were since generated by multiple groups. Schwann cell-
and astrocyte-specific ablation of Nfl leads to plexiform neurofibromas and optical nerve
gliomas only in the presence of heterozygous state of tumor environment, suggesting that NF
initiation may not be entirely cell intrinsic and that other cell types, such as Nf1*" mast cells or
fibroblasts, could be critical for disease development (Zhu et al., 2002; Bajenaru et al., 2003). In
searching for pathways responsible for the malignant transformation, Nf1*"~ mice were crossed
onto p53 null background. Mice with mutations in both genes developed soft tissue tumors
resembling MPNSTSs, however these tumors arose spontaneously and not from a pre-existing
neurofibroma, as seen in NF1 patients (Cichowski et al., 1999; Vogel et al., 1999). While these
models have provided valuable insight into NF1, the failure to recapitulate the full disease
spectrum seen in humans, such as neurofibroma-to-MPNST transition and brain gliomas,
suggests that additional genetic changes are required, and/or alternative initiating cell-types are

involved.



In many cell types, RAS signaling leads to increased activation of downstream effector

pathways, such as PISK/AKT/mTOR (Figure 1) (Dasgupta et al., 2005). The PI3BK/AKT/mTOR

pathway is negatively regulated by the phosphatase PTEN (Stiles et al., 2004). PTEN's lipid

phosphatase activity has been demonstrated both in vitro and in vivo to play a critical role in the

receptor tyrosine kinase (RTK) growth pathway by acting as an antagonist to

phosphotidylinositol-3-kinase (PI3K)/AKT signaling. When PI3K is recruited to the membrane

upon RTK activation, it phosphorylates phosphotidylinositol-4,5-diphosphate (PIP2) to form

phosphotidylinositol-3,4,5-triphosphate (PIP3). PTEN is a phosphatase specific for the 3-

position of the inositol ring on PIP;. PTEN antagonizes
PIBK by dephosphorylating PIP; back to PIP,
(Maehama and Dixon 1998; Sun et al., 1999). If PTEN
function is lost due to mutation or deletion, PIP3
accumulates in the cell and induces phosphorylation
and activation of signaling molecules such as AKT,
which are critical in controlling cell size, cell migration,
proliferation, differentiation and apoptosis, all of which
are important in normal development and tumorigenesis
(Stambolic et al., 1998; Radimerski et al., 2002; Stiles

et al., 2002; Stocker et al., 2002).

A=

RASGDLP RASGTP w
Neurofibromin / \

RAF PI3K =PTEN
MEK AKT

| |

ERK —> mTOR

|

cell growth

Figure 1. Regulation of neuroglial cell
proliferation.  Ras activation following
neurofibromin loss leads to high levels of
RAF/MEK/ERK and PI3K/AKT/mTOR
activity. The PI3K axis is regulated by the
phosphatase PTEN.

Deletion of Pten in mouse models revealed that PTEN is critical for animal development.

Pten null embryos die early during embryogenesis (Di Cristofano et al., 1998; Stambolic et al.,

1998; Suzuki et al., 1998; Podsypanina et al., 1999), thus precluding further studies on PTEN’s

function during brain development. In order to better understand the function of PTEN, our lab



as well as other groups generated Pten'””"® mice (Lesche et al., 2002) and used Cre-loxP
technology to conditionally delete Pten in different regions of the brain and at different
developmental stages (Backman et al., 2001; Groszer et al., 2001; Kwon et al., 2001; Marino et
al., 2002; Fraser et al., 2004; Yue et al., 2005). By conditionally deleting Pten in the embryonic
and adult neural stem cells (NSC), we showed that PTEN negatively regulates embryonic and
adult NSC/progenitor cell proliferation, survival, and self-renewal, both in vivo and in vitro
(Groszer et al., 2001; Gregorian et al. 2009). PTEN regulates NSC/progenitor cell function, at
least in part, by promoting GO-G1 cell cycle transition and reducing their growth factor
dependency (Groszer et al., 2006). Furthermore, PTEN negatively regulates p53 (Freeman et al.,
2003), a tumor suppressor responsible for NFs progression (Cichowski et al., 1999; Vogel et al.,
1999; Robanus-Maandag et al., 2004).

Many studies using either primary tumor tissue or established tumor cell lines
demonstrated high frequencies of PTEN mutation/deletion in various human cancers, including
brain, bladder, breast, prostate and endometrial cancers, making PTEN one of the most
frequently mutated human tumor suppressor gene (Stiles et al., 2004). Importantly, survey of
GBM has indicated that PTEN and NF1 are two of the top three gene mutations, occurring in
36% and 18%, respectively (Cancer Genome Atlas, 2008). In addition to these, 88% of GBM
samples harbored mutations along the PI3K and MAPK pathways, suggesting that of coordinate
activation of these two networks is critical in neurological cancers.

In addition to the genetic lesions that cause malignancy, the cellular origins of these
cancers remain an intense field of study. It is generally agreed that the neurofibroma-initiating
cell is derived from the Schwann cell lineage, yet the precise cell remains elusive (Carroll and

Ratner, 2008). Gliomas, on the other hand, have been proposed to originate from transformed



neural stem cells (NSCs) residing in the largest germinal zone in the brain, the subventricular
zone (SVZ) (Lim et al., 2007). However, many NSC subtypes reside in this vast germinal niche
and are organized in a region-specific pattern (Merkle et al., 2007). Therefore, the precise cell of
origin of gliomas also remains elusive.

This dissertation seeks to shed light on the molecular requirements and cellular origins of
neurological tumors, as well as to evaluate the efficacy of small molecule inhibitors. We use
Cre-loxP technology driven by the mouse GFAP promoter (line 77.6) (Figure 2) to activate,
individually and simultaneously, the PI3K and MAPK pathways in the murine nervous system.
This Cre line is expressed in the dorsal root ganglia in the peripheral nervous system (PNS) at
E13.5, and in the subventricular zone (SVZ) at birth. We find that with RAS activation,
malignant tumors form throughout the peripheral and central nervous systems in a PTEN dose-
dependent manner. In Chapter 2, we find that loss of PTEN is a critical rate-limiting step in the
development of neurofibromas and subsequent malignant transformation. Furthermore, we use
this model to test the efficacy of small molecule inhibitors, which we later expand to patient-
derived MPNST xenograft models. In Chapter 3, we develop another model that manifests the
CNS hallmarks of NF1, such as optic nerve tumors and malignant cerebral gliomas. We utilize
this model to examine the cellular origins of malignant gliomas, and find that tumors initiate
from a particular neurogenic region in the brain called the subcallosal zone (SCZ), which has
never been implicated in glioma biology. These results have direct implications regarding the

coordination of pathway activation and cell-types of cancers of the nervous system.
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Chapter 2:
PTEN Dosage is Essential for Neurofibroma Development
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Introduction

Neurofibromatosis type 1 (NF1) is an autosomal dominant disorder with the propensity to
develop nerve sheath tumors (Riccardi et al., 1994; Gutmann and Giovannini 2002; Theos and
Korf 2006). The hallmark of neurofibromatosis type 1 (NF1) is the development of multiple
benign (neurofibromas, WHO Grade 1) and malignant peripheral-nerve-sheath tumors (MPNSTSs,
WHO Grade I11-1V) which either arise from pre-existing neurofibromas or are formed de novo in
the peripheral nervous system (PNS) (Zhu and Parada 2002). MPNSTSs carry a particularly poor
prognosis with a 5-year disease specific mortality of up to 75%. These malignancies respond
poorly to conventional systemic chemotherapeutics often rendering surgical resection as the only
viable treatment option (Grobmyer et al., 2008).

This hereditary disorder occurs in 1 in every 3000 individuals and is caused by mutations
in the NF1 tumor suppressor gene. The protein product, neurofibromin, is a RAS-GTPase-
activating protein (RAS-GAP) that negatively regulates RAS activity. Murine homologs for Nfl
have been knocked out via homologous recombination (Gutmann and Giovannini 2002). Nfi™
mice die during embryogenesis due to cardiac development failure while Nf1*~ mice show no
hallmark of the human NF1 phenotype (Brannan et al., 1994; Jacks et al., 1994). Chimeric mice
bearing Nfi” cells do develop plexiform neurofibromas, suggesting that Nfl loss of
heterozygosity (LOH) is essential for NF initiation. However, no dermal neurofibromas were
reported (Cichowski et al., 1999). Nfl conditional knockout mice were since generated by
multiple groups. Deletion of Nf1 using Cre recombinase driven by the Krox20 promoter, which is
expressed in mature Schwann cells at E15.5, leads to Schwann cell hyperplasia without
neurofibroma development (Zhu et al., 2002). In contrast, deletion via the Desert Hedgehog

(Dhh)-Cre driver, expressed in Schwann cell precursors at E12.5, induces dermal and plexiform
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neurofibromas (Wu et al., 2008). Other models develop plexiform neurofibromas and optical
nerve gliomas only in the presence of heterozygous state of tumor environment, suggesting that
NF initiation may not be entirely cell intrinsic and that other cell types, such as Nf1*" mast cells
or fibroblasts, could be critical for disease development (Bajenaru et al., 2003). In searching for
pathways responsible for the malignant transformation, Nf1*" mice were crossed onto p53 null
background. Although neither p53 null nor Nf1*" mice develop MPNSTSs, mice with mutations
in both genes develop soft tissue tumors resembling MPNSTSs (Cichowski et al., 1999; Vogel et
al., 1999).

The failure of NfL*'" to recapitulate the disease spectrum seen in humans suggests that
additional genetic changes are required for malignant phenotypes. Since RAS activity can
stimulate PI3K activation, we sought to investigate the collaborative effects of RAS/RAF/MAPK
pathway activation with alterations of other major intracellular pathways, such as those
controlled by the PISBK/AKT/mTOR pathway.

The PISK/AKT pathway is negatively regulated by the PTEN (phosphatase and tensin
homologue deleted on chromosome 10) tumor suppressor (Stiles et al., 2004). PTEN has been
identified to be frequently mutated/deleted somatically in various human cancers, including
GBM (Li et al., 1997; Steck, Pershouse et al. 1997; Li, Simpson et al. 1998). Germ line
mutations in the PTEN gene have been associated with Cowden syndrome and related diseases in
which patients develop macrocephaly of the brain (Liaw et al., 1997; Nelen et al., 1997) . By
conditionally deleting Pten in the embryonic and adult neural stem cells (NSC) driven by Nestin
and GFAP promoters, respectively, we showed that PTEN negatively regulates embryonic and
adult NSC/progenitor cell proliferation, survival, and self-renewal, both in vivo and in vitro

(Groszer et al., 2001; Gregorian et al. 2009). PTEN regulates NSC/progenitor cell function, at
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least in part, by promoting GO-G1 cell cycle transition and reducing their growth factor
dependency (Groszer et al., 2006). Furthermore, PTEN negatively regulates p53 (Freeman et al.,
2003), a tumor suppressor responsible for NFs progression (Cichowski et al., 1999; Vogel et al.,
1999; Robanus-Maandag et al., 2004)..

To address the potential roles of PTEN/PI3K/AKT signaling pathways in NFs development,
we utilized Cre-Loxp technology to perturb RAS/RAF/MAPK or PISBK/AKT/mTOR, two of the
major signaling pathways known to be involved in tumorigenesis of the nervous system,
individually or in combination. These efforts have yielded new mouse models with hallmark of

human NF1, described herein.
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Results
Pten haploinsufficiency and activation of K-ras leads to lethal NF1 phenotype

All mMGFAP-Cre™; Pten'™™*; LSL-Kras®*?®" mice (n=42) developed palpable nodules
under the skin, starting at 4 months postnatal. The lesions varied in size and location, with the
majority located on the backs and flanks of mice (Figure 1A). Histological analysis revealed the
nodules as neurofibromas and MPNSTs (Figure 1B, C), closely resembling the hallmarks of
human NF1. Neurofibromas contained delicate, elongated cells that were loosely ensheathed in
a fibrous matrix (Figure 1B). MPNSTSs were present in 100% of mice and were characterized as
malignant based on their dedifferentiated morphology, disrupted tissue organization, and
increased number of mitosis (Figure 1C). The median survival of mutant mice was 22 weeks
(Figure 1D). Many MPNSTs also were characterized by an aggressively infiltrative growth
pattern, with areas of residual neurofibroma, often plexiform type. These histologic features, in
particular that of MPNSTs arising from pre-existing plexiform neurofibromas, are classic
features of human NF1-associated MPNSTS.

When asymptomatic mutant mice were necropsied at an earlier age, multiple microscopic
benign and plexiform neurofibromas were found (Figure 2). These tumors were not visible on
macroscopic examination, indicating that estimates of tumor burden per animal were likely
understated and that progression towards malignancy is a time-dependent event.

Since Cre expression is detected in the subventricular zone (SVZ), we examined the
brains of mutant mice for the presence of abnormalities or tumors. Sagittal and coronal
sectioning through the brain failed to detect alteration hydrocephaly, or any gross neoplastic
lesions; in addition, no abnormalities were observed in optic, cranial, or spinal nerves (data not

shown). However, significant increase of cellularity in the periventrical regions was observed in
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the mutant lateral ventricles compared to control (Figure 3) or Pten heterozygous alone,
suggesting that Pten haploinsufficiency and K-Ras activation is sufficient to cause neural
stem/progenitor cells expansion in the periventrical regions. These results suggest synergy

between PI3K and RAS pathways in neural stem/ progenitor cells in adult SVZ.
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Figure 1. Manifestations of human-like NF1-associated peripheral tumors. (A) Representative picture of mutant mouse
bearing multiple tumors. Tumor marked with an asterisk was the only protruding and visible mass. Other tumors were revealed
upon removal of body hair. Tumors per animal ranged from 2 to 25 per animal. Ruler ticks: 1 mm. (B,C) Peripheral tumors
were dissected, post-fixed, and subjected to immunohistochemical analysis which revealed presence of benign neurofibromas
(NF) and malignant peripheral nerve sheath tumors (MPNSTSs), common features of human NF1 (scale bar, 25 pm). Malignant
tumors had increased cellularity (C, top panels), cellular anaplasia (nuclear pleomorphism, C, middle panels, arrows), and
obvious mitoses (C, bottom panels, arrows), compared to benign tumors. (D) Median survival of 22 weeks.
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Figure 2. Representative picture of mutant mouse with plexiform neurofibromas.
revealed multiple microscopic tumor nodules (arrows) which were classified as plexiform neurofibromas.

epithelium; SG, salivary glands (scale bar, 155 pm).
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Pten LOH correlates with malignant transformation

MPNSTs were observed originating from a lower grade lesion resembling a plexiform
neurofibroma (Figure 4A), a classic feature of NF1-associated MPNST. In addition, MPNSTs
exhibited higher expression of the proliferation marker Ki-67 compared to neurofibromas
(Figure 4B). We focused our attention on the transition region from neurofibroma to MPNST to
determine the basis of malignant transformation. Staining for PTEN showed marked reduction in
PTEN expression in all MPNSTs. P-AKT and P-S6, surrogate markers for PTEN-controlled
PI3K activation, also showed enhanced reactivity in MPNSTSs. In contrast, the NFs from which
MPNST developed showed relatively normal PTEN expression, and low levels of P-AKT and P-
S6. P-ERK, a downstream effector of K-Ras, was detected in both lesions, although MPNSTs
showed significantly higher staining (Figure 4A). Additionally, quantitation of Ki-67 showed a
higher proliferative index in MPNSTs than NFs, suggesting that PTEN controls malignant
transformation, at least in part, by negatively regulating cell cycle.

Loss of PTEN expression of MPNST could result from destabilizing mutations in the
PTEN protein, epigenetic silencing of Pten mRNA expression, or genetic loss of the second Pten
allele. To determine the cause of PTEN loss, we first analyzed the WT Pten allele by PCR
analysis. We found complete loss of the WT allele in three independent MPNSTSs. In contrast,
we did not detect any defects in p53, or Nfl (Figure 4C). This study clearly demonstrates that

Pten LOH is essential for malignant transformation.
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Figure 4. PTEN loss is critical for malignant transformation from benign neurofibroma in mice. (A) NF and MPNST are
clearly demarcated (white arrows indicate “transition zone”). MPNSTSs showed marked reduction in immunoreactivity for PTEN
in tumor cells, with PTEN+ stained endothelial cells as an internal positive control (arrow). MPNSTS also show intensive staining
with antibodies specific for surrogate markers of activated PI3K/AKT (P-AKT, P-S6) and RAS/MAPK (P-ERK) pathways. Scale
bars, 150 um (H&E) and 25 um (IHC). (B) MPNSTSs have higher Ki-67 labeling index than NF tumors (P < 0.3). (C) Upper
three panels: PCR analysis of NF and MPNST tumor DNA from mutant mice, indicating loss of Pten WT allele and retaining of
both p53 and Nf1 genes in MPNST lesions; lower panel, Western blot analysis showing NF1 and p53 proteins in NF and MPNST
samples. PC3 and sNF96.2 are human cell lines used here as controls that are null for p53 and NF1, respectively.
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Reduction of PTEN in human MPNST

The correlation of Pten loss and malignant progression in our NF murine model
prompted us to examine if PTEN expression was reduced in human NF1-assosicated MPNSTSs.
We surveyed human MPNSTSs (n=14) and, if possible, the NF from which they arose. Similar to
our murine model, we found marked reduction in PTEN expression in all of the human MPNST
samples (Figure 5A). Quantitative analysis revealed that 11 of the 14 samples had less than 20%
PTEN positive tumor cells, with PTEN positive endothelial cells serving as an internal positive
control (Figure 5B).  Corresponding to PTEN loss, all MPNST samples had increased P-AKT
and P-S6 expression, as well as P-ERK. Conversely, all NF samples (n=5) had increased PTEN
staining, and low and sporadic levels of P-AKT, P-S6, and P-ERK staining patterns (Figure 5A).
Similar to our murine model, quantification of proliferation by Ki-67 staining revealed increased
proliferation in the MPNSTs compared to the NFs (Figure 5C). These results suggest that,
similar to our murine model, loss of PTEN expression is important for malignant transformation

of NF to MPNST.
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Figure 5. Decreased PTEN expression in human NF1-associated MPNSTS. (A) Histological and immunohistological analyses
of transition zone of human NF-MPNST lesions demonstrate reduced PTEN expression (second right panel; arrows indicates
PTEN+ vascular endothelial cells) and activated PI3K and RAS/MAPK pathways. Scale bars, 150 um (H&E) and 25 pm (IHC).
(B) Summary of PTEN IHC staining results, presented as percentages of PTEN+ tumor cells, of 14 NF1 patients with MPNST
lesions. N/A, only MPNST samples are available. (C) Human MPNST tumors have higher Ki-67 labeling index than NF tumors

(P _0.0001).

24




Distinguishing NF from MPNST using noninvasive PET/CT imaging

MPNSTs are diagnosed pathologically, often through needle core biopsies.
Unfortunately, this procedure can yield inaccurate results due to the heterogeneous nature of
these tumors. In addition, the location of the tumor can make obtaining a biopsy unfeasible. A
noninvasive modality that can distinguish NF from MPNST would greatly contribute to the
management of NF1 patients. Recent studies from UCLA and other investigators have shown
that FDG-PET is a promising non-invasive imaging technique with the potential to distinguish
benign from malignant tumors (Benz et al., 2010). We show here, in an NF1 patient with a left
gluteal tumor, that the MPNST component has a 4.85-fold increase of FDG uptake relative to the
benign region (SUVmax of MPNST = 6.3 g/mL vs. SUVmax of NF = 1.3 g/mL) (Figure 6A).
Similar to human studies, we used noninvasive in vivo PET/CT imaging on our murine model to
determine if we could monitor malignant transformation. Murine MPNSTSs could be detected
with FDG (n=10), whereas benign NFs were low or negative for FDG (n=29). As seen in Figure
6B, a mouse with three independent lesions had low FDG uptake in the two benign NFs (T1 and
T2), and increased FDG uptake in the MPNST (T3) (Figure 6B, C). Importantly, malignant
transformation was confirmed via histology, with the FDG-high MPNST showing increased
cellularity, loss of PTEN expression, and massive angiogenesis (Figure 6D). Similar to our
histopathological analysis, the percentage of animals with detectable FDG'" and FDG"" uptake
was age-dependent (Figure 6E). Our results suggest that noninvasive FDG-PET can be used to
monitor malignant transformation in NF1 patients and animal models, as well as provide a

valuable noninvasive diagnostic strategy to assess potential therapeutic responses.
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Figure 6. Noninvasive in vivo imaging of MPNST transformation within NF lesions. (A) FDG-PET/CT image of a NF1
patient with MPNST. (B) FDG-PET/CT image of a mutant mouse with three independent tumors: T1 and T2 are NF with low
FDG intake, while T3 is MPNST with increased FDG intake. (C) The FDG-PET SUVs, measured from the ROI for each tumor,
compared to baseline uptake (blue) measured from limb muscle without tumor. (D) Correlation of FDG uptake, H&E staining,
and PTEN expression (left panels) in a NF lesion (gray boxed sample area, middle panels) with MPNST transformation (red
boxed sample area, right panels). Red arrow points to PTEN+ vessel. T, tumor; H, heart; B, bladder. (E) Percentage of animals
with detectable FDG"" and FDG"" uptake.
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Evaluation of small molecule inhibitors on NF1 murine model using PET/CT

Diagnosis of MPNST (NF1 associated or spontaneous) carries a poor prognosis with a 5-
year disease specific mortality of up to 75% (Eilber et al., 2004; Grobmyer et al., 2008).
Unfortunately, MPSNTs respond poorly to conventional chemotherapeutic drugs (Eilber et al.,
2006). Recent analyses demonstrated over expression of receptor tyrosine kinases in certain
MPNSTs (Holtkamp, 2006) prompting preclinical and clinical evaluation of targeted therapies.
Sorafenib is a multi-kinase inhibitor that has shown promising results in several UCLA patients
with MPNST, resulting in a significant and durable reduction in tumor FDG uptake and
improved outcome (data not shown). Since our mouse model provides a unique modality to
evaluate therapeutic response to small molecule inhibitors, we initiated treatment with sorafenib
alone and in combination with rapamycin to evaluate the efficacy of small molecule inhibitors on
NF and MPNST.

Treatment with either drug alone was unable to block NF to MPNST transformation.
Since our model is dependent upon activation of the PISK/AKT/mTOR and RAS/RAF/MAPK
pathways, we combined sorafenib with the mTOR inhibitor rapamycin. Daily treatment with
both drugs was able to effectively block malignant transformation, based on FDG-PET/CT
imaging and diagnostic pathology (Figure 7). Importantly, when applied to tumors that have
undergone malignant transformation, sorafenib and rapamycin combination treatment lead to
significant tumor necrosis and loss of FDG signal, a clear indication for tumor regression (Figure

7).
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Figure 7. Sorafenib plus rapamycin treatment delays NF to MPNST progression and causes regression of MPNST. (A)
FDG-PET/CT of NF mouse (left) shows delay of malignant progression of neurofibroma (arrow). MPNST mouse (right) shows
reduction of FDG uptake in tumor (arrow). (B) Histology of treated tumors shows neurofibroma without malignant progression
(left), and massive necrosis in MPNST (right). Scale bar, 25 pm.
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Xenograft model

Genetically engineered models provide valuable insight into the biology of disease,
however they cannot fully recapitulate the entire disease spectrum. Since UCLA is one of the
busiest sarcoma centers in the United States, we sought to develop clinically relevant xenograft
models from surgically resected tumors. Tissue obtained from 17 peripheral nerve sheath tumors
(Schawnnoma, n=2; neurofibroma, n=4; NF-associated MPNST, n=4; spontaneous MPNST, n=7)
was engrafted subcutaneously into the rear flanks of NOD-SCID/IL2ry null mice. 9 of the 11
MPNSTSs (4 NF-associated, 5 spontaneous) were able to engraft and be serially passaged at least
twice. In contrast, none of the benign tumors were able to engraft, suggesting that
xenograftability is dependent upon malignant transformation. Histological analysis revealed that
pathological features from primary tumors were maintained in xenografts (Figure 8). These
xenografts provide an additional novel platform for the evaluation of targeted therapies against

MPNSTs.

Primary Passage 1 Passage 2

3

Figure 8. Histopathological features of human MPNSTSs are maintained in xenografts over serial passages. Representative
H&E sections from an NF1-associated MPNST. Scale bar, 100 pm.
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Evaluation of small molecule inhibitors on a patient-derived MPNST xenograft model
using FDG-PET/CT

Based on our treatment results from our genetically engineered murine model, we
expanded our sorafenib and rapamycin treatment regime to our patient-derived MPNST model.
We treated one xenograft line from an NF1-associated MPNST with rapamycin and sorafenib,
individually and in combination, for a period of eleven days. Treatment with either drug resulted
in significant decrease in tumor volume compared to control (n=5; p<0.001) (Figure 9A). Tumor
response was monitored via FDG-PET/CT and showed different metabolic responses to each
drug. Rapamycin, but not sorafenib, significantly reduced FDG-uptake in our human MPNST
model (Figure 9B). Tumors were removed after eleven days of treatment and stained for
proliferation markers and downstream effectors of the PI3K and MAPK pathways. Interestingly,
we observed little to no change in P-S6 or P-ERK in tumors treated individually with rapamycin
or sorafenib. Only the tumors treated with both drugs in combination showed reduced staining
(Figure 9C). In contrast, staining and quantification of Ki-67 revealed that proliferation was
significantly reduced with sorafenib and rapamycin individually, and even more so in

combination (p=0.006, p<0.001, p<0.0001 respectively) (Figure 9C).
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Figure 9. Sorafenib and rapamycin treatment on human NF1-associated MPNST xenograft induces
metabolic, signaling pathway, and proliferative response. (A) Tumor volume change in response to treatment.
(B) Decreased FDG uptake in rapamycin and combination treated tumors (arrows). (C) Reduction of P-S6, P-ERK,
and Ki-67 in combination treated tumors. Scale bar, 50 um.
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Discussion

Generation of mouse mutants at suspected tumor suppressor and oncogene loci have
provided important information about the underlying mechanisms of tumor formation. However,
the original knockout of the Nfl gene as well as conditional knockout models that have been
generated since did not reproduce the full disease spectrum observed in human. Here we
describe a novel mouse model for NF1, which encompasses key features not observed in
previously generated models for NFs. In addition, our data is the first demonstration of
PIBK/AKT pathway activation and cooperation with RAS/MAPK pathway in PNS tumors
associated with NFs.

Although RAS or PTEN mutations per se have not been identified in human NFs, several
reports support the alteration of RAS or PTEN and the activation of their respective pathways in
multiple cancers, including NFs. Several groups have identified constitutive Ras activation as a
result of NF1 deletion (Basu et al., 1992; DeClue et al., 1992; Bollag et al., 1996). Previous
studies have shown that Ras activity and its downstream effectors are elevated in the cortex and
hippocampus of NF1*" mice, leading to impairments in long-term potentiation, which is a key
cellular apparatus of learning and memory (Costa et al., 2001; Li et al., 2005) and that the
learning deficits in Nf1*" mice can be rescued by decreasing Ras function either by genetic
(crossing with the K-Ras"" heterozygote) or pharmacologic manipulations (treated with farnesyl-
transferase inhibitors of Ras) (Costa, Federov et al. 2002; Li et al., 2005). Although mice with
oncogenic N-Ras expression in nerve and neural crest-derived cells mimic two previously
unreported main features of human NF1, pigmentary abnormalities and dermal neurofibromas,
additional characteristic tumors such plexiform neurofibromas, and astrocytomas were not

detected (Saito et al., 2007). Since the three forms of Ras, (H, K, N) are expressed in different
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cells, this could explain the absence of some of these tumor types in our model and the presence
of various other tumors.

The NF1 tumor suppressor gene is inherited as an autosomal-dominant trait, suggesting a
possible gene dosage effect. In fact, haploinsufficiency is apparently enough to bring about many
of the clinical manifestations seen in NF1 patients. However, consistent with the Knudson ‘two-
hit' model of tumorigenesis, loss of heterozygosity (LOH) in NF1 is responsible for the
formation of neurofibromas (Cichowski et al., 1999). On the other hand, the development of
malignant cancers in NF1 individuals requires further acquisition of additional genetic
aberrations, whether it is inactivation of PTEN, TP53, CDKN2A or amplification of platelet-
derived growth factor receptor or epidermal growth factor receptor (Zhu et al., 2002; Castle et al.,
2003; Levy et al., 2004; Stemmer-Rachamimov et al., 2004). Reminiscent of the malignancies
seen in NF1 patients, compound heterozygous mice for both Nfl and p53 develop malignant
peripheral nerve sheath tumors with full penetrance, however these tumors develop de novo, and
show no signs of a pre-existing neurofibroma. (Cichowski et al., 1999; Vogel et al., 1999). In
addition, as NF1 has a spectrum of specific tumors, modifying genes and epigenetic phenomena
have been shown to play a role in modulating NF1-associated tumor susceptibility (Easton et al.,
1993; Reilly et al., 2004).

Consistent with this hypothesis, the conditional knockout mice for PTEN (Gregorian et
al., 2009) or constitutive activation of K-Ras did not produce tumors. However, neurofibromas
and MPNSTs were found in mice with both perturbations. Interestingly, neurofibromas had
PTEN expression, while MPNSTs found in the same mice were inactivated for the wild-type
Pten allele. When human samples were tested for PTEN expression, the results matched those

found in mice. This demonstrates that PI3K/AKT activation is the rate limiting step in murine
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and human MPNST. Since PTEN negatively regulates p53 (Freeman et al., 2003), it is not
surprising that our model encompasses the MPNST formation found in mice compound
heterozygous for both p53 and NF1 (Cichowski et al., 1999; Vogel et al., 1999).

Activation of multiple receptor tyrosine kinases have been found in MPNST, calling for
the use of molecular targeted therapy (Holtcamp, 2006). Sorafenib is a multi-kinase inhibitor
that has been approved for the treatment of renal cell and hepatocellular carcinomas (Hasskarl,
2010), and in phase 2 trial of advanced soft-tissue sarcomas (von Mehren et al., 2012). Sorafenib
inhibits multiple receptor tyrosine kinases, such as VEGFR and PDGFR, as well as the
intracellular RAF kinases. In vitro, sorafenib has been shown to inhibit proliferation and RAF-
dependent MAPK activation in MPNST cells, resulting in a G(1) cell cycle arrest (Ambrosini et
al., 2008). The loss PTEN observed in our murine model and in human samples provides a novel
molecular axis to specifically target in the treatment of MPNST. Rapamycin is a small molecule
inhibitor of the mTOR kinase (Ballou and Lin, 2008). However, inhibition of mMTOR may cause
feedback-dependent activation of upstream AKT and receptor tyrosine kinases, leading to
therapeutic resistance (Sun et al., 2005; Rodrik-Outmezguine et al., 2011). Therefore, we
reasoned that inhibiting both mTOR and RAF kinases would lead to increased therapeutic
benefit. We observed that combination treatment with rapamycin and sorafenib was able to
impede neurofibroma-to-MNPST transition in our murine model. Furthermore, combination
treatment in established MPNSTSs caused massive necrosis in the tumor, causing a reduction in
FDG-uptake. Unfortunately, the 12.5% procurement rate of obtaining the correct genotype,
coupled with the 5 month latency, makes high-throughput treatment studies difficult with this
model. Therefore we turned to our patient-derived xenograft models. Although there was no

difference in tumor size between single-treated and combination-treated cohorts, we found that
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combination treatment was more effective in reducing FDG-uptake, proliferation, and
downstream kinases of the PI3K and MAPK pathways. Glucose uptake and expression of the
glucose transporter GLUT1 has been shown to be regulated by mTOR (Buller et al., 2008),
which explains the decreased FGD uptake in rapamycin (single and combination) treated tumors.
The decrease in proliferation is also consistent with previous reports showing that inhibition of
MTOR prevents cell-cycle entry (Zou et al., 2009; Bhola et al., 2010). While the reasons for the
additive effects of sorafenib remain elusive, the combination therapy has proven useful in other
systems (Newell et al., 2009; Ramakrishnan et al., 2012; Pawaskar et al., 2013), most likely due
to crosstalk between the MAPK and PI3K pathways (Sunayama et al., 2010).

In summary, we developed a novel mouse model of NF1 that exhibits the key feature of
neurofibroma-to-MPNST transition. We found that loss of PTEN is the critical rate limiting step
in malignant progression, and established FDG-PET as a promising non-invasive modality in
monitoring malignant transition and therapeutic response. The loss of PTEN in mouse and
human samples provides a novel pathway to target in the treatment of peripheral nerve sheath
tumors. Furthermore, we show that combining molecular inhibitors is more effective than single
agent therapy, highlighting the benefits of synergistic multi-kinase inhibition (Gahr et al., 2012;

Singh et al., 2013).
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Experimental Procedures

Animals

Pten'™o:mGFAP-Cre* transgenic mice line were generated previously (Gregorian et al. 2009)
and crossed to LSL-Kras®*??™* (Jackson, Willis et al. 2001)on a C57, 129/Balb/c background.

loxP-Stop-loxP-K-ras®?P*P (L SL-K-ras®P61P

) mice are embryonically lethal.  Animals
were genotyped by standard genomic PCR techniques (Lesche, Groszer et al. 2002).
Pten'™o: mGFAP-Cre* mice were crossed to ROSA26 mice for reporter analysis as described
previously (Gregorian et al., 2009). Mice were observed daily for evidence of illness or tumor
formation. If palpable tumors exceeded 1.5cm in diameter or interfered with feeding and
grooming, mice were sacrificed. Moribund mice with possible internal tumors were also
sacrificed. Animals were housed in a temperature-, humidity-, and light-controlled room (12-h
light/dark cycle), and allowed free access to food and water. All experiments were conducted
according to the research guidelines of the UCLA Chancellor's Animal Research Committee.
Polymerase Chain Reaction (PCR)

The specificity of Pten excision and Cre expression was evaluated by PCR using DNA from tail
clip biopsy as described previously (Gregorian et al., 2009). The K-ras and Lox-K-ras G12D
alleles were detected via combination of 3'universal with either 5'wt and 3’'mut, The yielding a
265-bp and a 305-bp product, respectively. dt5' new (5'wt) 5’GTC GAC AAG CTC ATG CGG
G 3', Uni'new (3'universal) 5' CGC AGA CTG TAG AGC AGC G 3’, and SD5"-new (5'mut) 5’

CCATGG CTT GAG TAAGTC TGC 3’. PCR was performed in 20 pl reactions using standard

procedures for forty cycles; each cycle consisted of denaturing at 94°C for 30”, annealing at 60°C

36



for 1:30°, and extension at 72°C for 1°, followed by a single 5’ extension at 72°C. The PCR
products were analyzed on 2% agarose gels.

Histology and Immunohistochemistry of Tissue Sections

All tumors were graded according to World Health Organization (WHO) histopathological
criteria (Kleihues, Louis et al. 2002). IHC staining was performed on age-matched control and
mutant sections. 5 pum sections that were prepared from paraffin-embedded blocks were placed
on charged glass slides. The slides were deparaffinized with xylene and rehydrated in descending
grades (100%-70%) of ethanol. The endogenous peroxidase activity was inactivated in 3%
hydrogen peroxide (H,0,). After washing in deionized water, antigen retrieval was performed by
incubating the slides in 0.01 M citric acid buffer (pH 6.0) at 95°C for 13.5 min. Slides were then
allowed to cool for 30 min in citric acid buffer. After washing in deionized water, the slides were
then transferred to either PBS (pH 7.4) or TBST for 5 min. For DAB staining, slides were first
blocked with 5% normal donkey serum then incubated with primary antibody overnight at 4°C.
Following three 5 min washes in either PBS or TBST, slides were incubated with biotinylated
secondary antibody (1:200, Jackson Immunoresearch) for 30 min at room temperature.
Amplification was performed with a horseradish peroxidase system (Vectastain ABC Kit, Vector,
PK-6100) using a liquid DAB peroxidase substrate (Biogenex, HK130-5K). Slides were
counterstained in Gill’s hematoxylin, dehydrated, cleared, and cover-slipped. Negative control
slides were run without primary antibody. Primary antibodies used were PTEN (1:100, Cell
Signaling), P-AKT (1:50; Cell Signaling); P-S6 (1:100 Cell Signaling); P-ERK (1:100, Cell

Signaling); Ki-67 (1:500; Vector).
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Ki-67 Quantification
Slides were digitally scanned at 20x magnification using an Aperio XL system (Aperio, Vista,

CA), and images were quantified using the Definiens imaging software.

microPET/CT Imaging and Analysis

microPET/CT imaging was performed with a microPET FOCUS 220 PET scanner (Siemens
Preclinical Solutions) and micro-CAT Il CT scanner (Siemens Preclinical Solutions) with UCLA
Chancellor’s Animal Research Committee approval. Briefly, mice are anesthetized with
isofluorane 15 min before receiving 18F-fluoro-D-glucose (200 pCi **FDG per mouse) via tail
vein. The mice are then placed in the imaging chamber and imaged over 1 h in the microPET
scanner, followed by a 10-min microCAT scan for anatomical localization. PET images were
analyzed with the AMIDE software. Regions of interest (ROIs) were manually drawn on the area
of tumor with maximal tracer uptake at Immin diameter. Activity concentrations were quantified

as SUVs normalized to injected dose per weight of mouse (mCi/g).

Human NF1-MPNST Analysis

Following UCLA IRB approval (IRB#: 99-05-085-12) for studies on human MPNSTSs, the
UCLA Sarcoma and Pathology databases were used to identify patients with NF1 who
underwent surgical treatment for a MPNST. Slides from the selected cases were reviewed.
Whenever possible, we chose cases in which we could identify a MPNST arising from the
associated NF and selected sections demonstrating a transition from NF to MPNST.

Anonymously labeled sections for immunohistochemistry studies, as detailed above, were
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prepared by the UCLA Department of Pathology Translational Pathology Laboratory.

Additionally, an H&E slide was made from each block to confirm the diagnosis.

Collection of Tumor Samples

Patients with PNST who underwent surgery at the University of California, Los Angeles
(UCLA), were enrolled on an Institutional Review Board approved tissue procurement protocol
after giving written informed consent. Each surgically resected tumor was sliced into sections
with a sterile razor blade and was divided as follows: one portion was immediately frozen and
stored at 80°C for genomic and gene expression analyses, another portion of the tumor was fixed
in 10% formalin for histology, and the remainder was minced into small pieces for xenograft
implantation and tissue culture studies. Histological review by a sarcoma pathologist confirmed

diagnosis, subtype, and grade of tumors used in the present study.

Xenograft Implantation and Passage

Transplantation studies were performed using NOD-SCID/IL2ry null mice in accordance with
protocol number 2007-189-11A, approved by the Animal Research Committee within the Office
for the Protection of Research Subjects at UCLA. For the initial xenograft, approximately 100
mg of the patient tumor was cut into fragments (approximately 3 mma3), using a sterile razor
blade. Mice were anesthetized with isoflurane, and the fur on the hindquarters was shaved and
prepared with an antiseptic agent. An incision was made, and one of the tumor fragments
(approximately 3 mm3) was inserted into the subdermal space. The incision was closed with
either 5-0 Prolene suture or a skin stapler; the closure was removed on postoperative day 10.

Mice were maintained in barrier cages on standard chow diet with food and water available ad
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libitum; 2 mg/mL sulfamethoxazole and 0.4mg/mL trimethoprim was added to drinking water to
prevent infection. All studies were performed in accordance with the UCLA Animal Research
Committee and Division of Laboratory Animal Medicine (protocol no. 96-126). All surgery was
performed under isoflurane anesthesia, and all efforts were made to minimize suffering.
Implanted samples were allowed a 6-month incubation period to form a palpable tumor. When
successful engraftment occurred, tumors were collected before reaching 1.5 cm in diameter.
Harvested tumors were separated into three fragments: for histopathology, gene expression

analysis, and serial transplantation for establishing stable xenograft models or cell culture models.

Sorafenib and rapamycin treatment

Rapamycin powder (LC Laboratories, Woburn, MA) was reconstituted in 100% ethanol to a
stock solution of 10 mg/mL and was stored at -20°C. Working solution was made each time by
diluting the stock solution to 1 mg/mL with vehicle (5.68% Tween-80, 5.68% polyethylene
glycol 400 in water). Rapamycin (4 mg/kg) in vehicle or an equal volume of vehicle alone was
administered via intraperitoneal injection daily. Sorafenib pills were weighed, then crushed into
powder and stored at -20°C. Powder was dissolved into freshly made vehicle (12.5% ethanol,
12.5% cremophor in water) to 20 mg/mL. Sorafenib (70 mg/kg) in vehicle or an equal volume of
vehicle alone was administered via oral gavage daily. Body weight and tumor measurements
were collected every other day. Tumors were collected, and the mouse was sacrificed if the

tumor reached 1.5 cm in diameter.
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Heterogeneous Transformation of Neural Stem Cells
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INTRODUCTION

Gliomas are the most common primary cancers of the central nervous system (Lim et al.,
2011). Clinically, they are described as astrocytomas, oligodendrogliomas, ependyomas, and
mixed gliomas, based on the cell types they histologically resemble. Astrocytomas are the most
common of these types of tumors, and are classified by the World Health Organization (WHO)
into four different grades (Louis et al., 2007). Grades I and Il astrocytomas are low-grade and
less aggressive tumors, whereas Grades 11l and IV are malignant. Malignant astrocytomas are
characterized by their high proliferation rate (Grade I11) and the presence of necrotic tissue and
angiogenic activity (Grade 1V). Grade IV astrocytoma, also referred to as glioblastoma
multiforme (GBM), accounts for the majority of astrocytomas and has a median survival of less
than two years, making it one of the most lethal of all cancers (Huse et al., 2013). Approximately
90% of GBM s are characterized as primary GBM, developing rapidly de novo in elderly patients
without evidence of a less malignant precursor. Secondary GBMs arise from a lower grade
glioma, have a lesser degree of necrosis, are preferentially located in the frontal lobe, and carry a
significantly better prognosis (Ohgaki and Kleihues, 2013). Primary and secondary GBMs are
indistinguishable histologically, yet they differ in their genetic signatures, namely the mutational
status of IDH1. Secondary GBMs often have IDH1 mutations which occur as early events in
precursor gliomas. These tumors are believed to be derived from neural precursor cells that
differ from those of primary GBM (Lai et al., 2011).

Recent analysis by The Cancer Genome Atlas (TCGA) Research Network provided a
detailed view of the genomic changes in a large primary GBM cohort containing 206 patient
samples. This study described the mutational spectrum of GBM, confirming previously reported

TP53, RB1 and PTEN mutations, and identifying new associated mutations in such genes as NF1,
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PIK3R1, and ERBB2 (TCGA, 2008). Furthermore, gene expression analysis on GBM has
identified clinically relevant subtypes based on aberrations in EGFR, NF1, and PDGFRA/IDH1,
classifying each as Classical, Mesenchymal, and Proneural, respectively. Another subtype,
classified as Neural due to expression of neuronal genes, had mutations in many of the same
genes as the other groups; however, it did not stand out from the others as having significantly
higher or lower rates of mutations (Verhaak et al., 2010). The four subtypes also varied in
clinical characteristics, such as survival length, average patient age, and treatment response. The
Classical group, characterized by high expression of EGFR, survived the longest of the
subgroups in response to aggressive treatment with temozolomide and radiation. The
Mesenchymal group, containing the most frequent number of mutations in NF1, PTEN, and
TP53, also had increased survival with aggressive treatment. Patients in the Neural group were
the oldest, on average, and showed some improvement in survival after aggressive treatment, but
not as much as the Classical and Mesenchymal groups. In contrast to the other groups, patients
from the Proneural subgroup were significantly younger and tended to survive longer. These
patients exhibited the most mutations in IDH1, PDGFRA, and TP53, and unlike the other groups,
showed no survival benefit with aggressive treatment. Importantly, there was a strong
relationship between gene signatures of the subtypes and different neural lineages, highlighting
the impact that cellular origin has on glioma biology.

The identification of adult neural stem cells (NSCs) that divide throughout the lifetime of
an individual presents attractive targets for acquisition of oncogenic mutations. Self-renewing
NSCs are capable of producing new neurons, oligodendrocytes, and astrocytes, a process that is
evolutionarily conserved in mammals (Doestch et al., 2003). In the brain, the subventricular

zone (SVZ) is the largest adult germinal niche and is located along the walls of the lateral
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ventricles (LV). Glial fibrillary acidic protein (GFAP) expressing cells residing in this layer act
as slow-dividing NSCs capable of multi-lineage differentiation (Imura et al., 2003; Garcia, 2004).
Neurons born throughout the SVZ form chains of neuroblasts that migrate tangentially through a
complex network and merge into the rostral migratory stream (RMS), a major pathway that leads
into the olfactory bulb (OB) (Doetsch and Alvarez-Buylla, 1996). In the OB, these young
neurons mature and differentiate into various olfactory interneurons, including granule and
periglomerular neurons ( Petreanu and Alvarez-Buylla 2002). In addition to neurons, the SVZ
produces mature glial cells (Gonzalez-Perez and Alvarez-Buylla, 2011). Glial progenitors
expressing the transcription factor Olig2 migrate radially from the SVZ into the corpus callosum,
striatum, and fimbria fornix to differentiate into oligodendrocytes and astrocytes (Marshall et al.,
2005; Menn et al., 2006). The SVZ was previously thought to be restricted to the anterior lateral
wall of the lateral ventricle, but recent work shows that the adult neurogenic niche is
significantly more extensive. In the developing mouse brain, the posterior sections of the lateral
ventricles collapse due to the emerging hippocampus. The hippocampus presses against the
corpus callosum, compressing the opposing walls of the ventricle together. This region still
contains multi-potent NSCs that produce oligodendrocytes and astrocytes in the corpus callosum,
but since it is no longer associated to an open ventricular cavity, this portion of the SVZ is
referred to as the subcallosal zone (SCZ) (Seri et al., 2006). An important characteristic of this
niche is that NSCs in different regions produce different types of cells, and even when they are
heterotopically grafted into another region, they retain their innate differentiation programming,
suggesting that NSCs are a restricted and diverse population of progenitors (Merkle et al., 2007).
Previous studies have shown that SVZ NSCs have the potential to induce malignant

gliomas upon deletion of key tumor suppressor genes (Alcantara Llaguno et al., 2009; Jacques et
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al., 2010; Chow et al., 2011). However, the precise location of tumor initiation within this
extensive niche remains to be determined. This is of particular importance because anatomical
positioning of gliomas has been implicated as a prognostic factor (Simpson et al., 1993; Fontaine
and Paquis, 2010). It has also been suggested that tumor location reflects the contributions of
region-specific precursor cells and the stage in the development cycle they are in when they
transform (Zlatescue et al., 2001; Lai et al., 2011).

We created a malignant glioma mouse model in which we targeted adult NSCs using a
mouse GFAP promoter to drive Cre recombinase. We simultaneously perturbed the PI3K and
MAPK pathways by deleting the Pten tumor suppressor gene and activating the K-ras oncogene,
resulting in 100% penetrant malignant gliomas. Importantly, the rate of progression allows us to
assess the natural history of tumor development and determine the location of initiation within
the extensive niche. We consistently observed increased proliferation in the SCZ prior to the
rostral SVZ, resulting in tumorigenesis at the caudal-most regions of the corpus callosum.
Furthermore, we show that treatment with the small molecule inhibitors rapamycin and
lovastatin is able impede the observed directional tumor progression and reduce proliferation.
Finally, we observed that our mutations affected the cellular composition of the SVZ and SCZ
uniquely by expanding the glial population in the SCZ, and re-directing the neural precursors in
the SVZ towards a glial fate. Our results indicate that transformative potential between NSCs in
the SVZ and SCZ is not uniform, and that intrinsic heterogeneity is an underlying determinant of

gliomagenesis.

50



RESULTS

Homozygous deletion of Pten and activation of K-ras in SVZ stem cells induces malignant
gliomas

We employed the mGFAP-Cre mouse (line 77.6) (Gregorian et al., 2009) to mediate
recombination of the Pten and K-ras alleles in SVZ stem cells. Neither homozygous deletion of
Pten alone (Gregorian et al., 2009), activation of K-ras alone, or heterozygous deletion of Pten
with activation of K-ras, were able to produce malignant brain gliomas (Supplemental Figure 1).
Only homozygous deletion of Pten with activation of K-ras induced a malignant CNS phenotype
(henceforth Pten/K-ras).

The median survival of Pten/K-ras mice was 14 weeks (n=20) (Figure 1A). Mutant mice
started showing symptoms as early as 6 weeks postnatal, such as doming of the head, vestibular
imbalance, and cachexia (Figure 1B).  Mice showed a decrease in body mass and increase of
brain size (Figure 1C and D). Histological analysis revealed various tumors including optic
nerve gliomas, anaplastic oligodendroglioma, grade 11l astrocytoma and GBM (Table 1, Figures
1 and 2). Tumors showed multiple mitotic bodies and enhanced Ki-67 staining, and were
immunoreactive for glioma makers such as GFAP, Olig2, and Nestin (Figure 1E and 2D).
Staining for the PI3K and MAPK pathways showed marked reduction in immunoreactivity for
PTEN in tumors cells, with PTEN positive endothelial cells as an internal positive control
(Figure 1E and 2D). Elevated levels of P-AKT and P-S6, two surrogate markers for PTEN-
controlled PI3K pathway activation, and P-ERK, a downstream marker of K-Ras, were also

observed. GBM was also observed, showing massive bilateral necrosis in the brain.
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Histological analysis revealed additional hallmarks, such as pseudopalisades and microvascular

proliferation (Figure 1F).
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Figure 1. Deletion of Pten and activation of K-ras in SVZ stem cells induces malignant glioma. (A) Pten/K-
ras mice have a median survival of 14 weeks and (B) are visibly distinguishable from WT. (C) Images of mutant
brains at various ages. Scale bar, 0.5cm. (D) Brain-to-body weight ratio shows a significant increase in mutant
mice. (E) Representative sagittal section of a Pten/K-ras brain harboring multiple grade Il astrocytomas (black
arrows) in the cerebral cortex. Scale bar: 250 um. Tumors contained multiple mitotic figures (right), robust Ki-67
staining, and classic astrocytoma immunoreactivity for GFAP, Olig2, and Nestin. Scale bar: 75 um and 25 pm.
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Astrocytomas showed marked reduction in immunoreactivity for PTEN in tumor cells, with PTEN+ stained
endothelial cells as an internal positive control (white arrow). Tumors also show intensive staining with antibodies
specific for surrogate markers of activated PI3BK/AKT (P-AKT, P-S6) and RAS/MAPK (P-ERK) pathways. Scale
bar: 75 um. (F)(i) Bilateral tumor showing classic GBM histological hallmarks such as (ii) extensive necrosis, (iii)
pseudopalisading necrosis, (iv) astrocytic morphology, (v) microvascular proliferation, (vi) mitosis, (vii) and nuclear
atypia.
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third ventricle of the brain. Scale bar: 2mm, 500um. (B) Representative of wild-type (left) and mutant (right) optic
nerves and chiasm (arrowheads) from 8 week old mice. (C) H&E and immunostaining of optic nerve and chiasm
showing positivity for glial markers and activation of PI3K and MAPK pathways. (D) Histology of anaplastic
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oligodendroglioma showing classic “fried egg” appearance, immunoreactivity for glial markers and activation of
PI3K and MAPK pathways.

Optic Nerve
Age (weeks) Cerebral Glioma Glioma
4 No Tumor No
4 No Tumeor No
5 Grade Il Astrocytoma Yes
5 Grade Il - lll Astrocytoma No
5 Grade Il - lll Oligoastrocytoma Yes
5 Grade Il - lll Oligoastrocytoma No
5 Grade Ill Astrocyotma Yes
5 Grade Il Astrocytoma No
6 Grade Il Astrocytoma Yes
7 Anaplastic Oligodendroglioma Yes
7 Grade Ill Astrocyotma Yes
7 Grade Il Astrocyotma Yes
7 Grade Il Astrocytoma No
9 Grade Il Astrocyotma Yes
9 Grade Il Astrocytoma No
9 Grade Il Astrocyotma No
9 Grade Il Astrocyotma Yes
9 Grade Ill Astrocyotma Yes
10 Grade Ill Astrocyotma Yes
10 Grade IV Astrocytoma No
11 Grade Il Astrocyotma Yes
12 Grade Il Astrocyotma Yes
12 Grade Il Astrocyotma Yes
12 Grade Il Astrocyotma No
14 Grade Ill Astrocytoma No
14 Grade Il Astrocytoma No
15 Grade Il Astrocytoma Yes
15 Grade Ill Astrocytoma No
15 Grade Ill Astrocytoma No

Table 1. Pathological diagnosis of tumors in Pten/K-ras mice.
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Early stage tumors originate in the posterior white matter and follow a caudorostral
progression

The stem cell niche lining the lateral ventricles is the largest germinal zone in the brain
and includes the thin layer of diving cells that extends caudally between the hippocampus and
corpus callosum (Seri et al., 2006). Our model allows us to investigate the age and location of
tumor initiation in the brain. To assess this, we crossed our mice to the Rosa26-LacZ reporter
strain so that all stem/progenitor cells and their progeny would be marked by p-galactosidase and
visualized by X-gal staining (Soriano, 1999). The earliest observation of tumors was at 5 weeks
of age (Table 1). Sagittal sections revealed grade Il or Ill astrocytomas located in the posterior
corpus callosum, dorsal of the hippocampus (Figure 3A). Tumors were reactive to X-gal
staining, confirming that they were from SVZ origin. Analysis of older mice showed additional
tumor cells in the rostral corpus callosum, suggesting an age-dependent caudorostral tumor
progression.

To further analyze the development of tumors and to obtain a complete three dimensional
understanding, coronal brain sections were obtained from another set of mice. X-gal reactivity
was observed throughout the lateral ventricles. Mice at 5 weeks of age showed increased
reactivity in the SCZ, dorsal to the hippocampus, with little staining in the rostral SVZ.
Consistent with our previous results, we first observed tumors in the caudal extension of the
corpus callosum (Figure 3B). Tumors were only observed in the rostral corpus callosum in older
mice. Our results indicate a specific region of tumor initiation and subsequent caudorostral

progression.
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Figure 3. Glioma initiation in the posterior white matter and subsequent caudorostral progression. (A) H&E
and X-gal staining of representative sagittal sections of mice at various ages show tumor origins in the posterior
white matter, dorsal of the hippocampus (h). (B) X-gal staining of coronal sections show increased reporter
staining in the posterior sections prior to anterior sections in 5 week old mice. 10 and 15 week old mice show
increased staining along the caudorostral axis.
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Treatment of brain gliomas with rapamycin and lovastatin delays caudorostral glioma
progression and malignant transformation

Our model provides a unique platform to test targeted therapies against gliomas. We
reasoned that treatment would also allow us to further interrogate the progression patterns in our
model. The HMG-CoA reductase inhibitor lovastatin has been shown to reverse learning and
attention deficits in a mouse mode of NF1 by reducing MAPK activity (Li et al., 2005).
Therefore, we treated two cohorts of our mice, starting at 5 or 10 weeks of age, with lovastatin
alone or in combination with the mTOR inhibitor rapamycin (Figure 4A).

Treatment with rapamycin or lovastatin individually did not have an effect on tumor
progression in either cohort (data not shown). Only a combination of both drugs showed a
therapeutic response. In our first cohort, we treated 5-week-old mice (n=5) with daily injections
for a period of three weeks to determine drug efficacy on tumor initiation. Upon histological
examination, vehicle treated mice showed grade Il astrocytomas throughout the rostrocaudal
axis of the corpus callosum. In contrast, two out of five treated mice showed no presence of
tumor, whereas the remaining three contained small, confined tumors in the caudal corpus
callosum (Figure 4B and C). Importantly, all treated tumors were diagnosed as grade Il
astrocytomas, showing reduced Ki-67 and P-S6 staining (Figure 4D).

Mice were also treated with lovastatin and rapamycin to determine the efficacy on
established gliomas. 10-week-old mice (n=5) were treated daily until they exhibited symptoms
of morbidity, such as excessive weight loss, or the development of additional peripheral tumors.
Dual treated mice showed a significant increase of survival compared to vehicle treated, or single
drug treated mice (Supplemental Figure 2A). Examination of the brains of dual treated mice

revealed grade Il astrocytomas based of Ki-67 staining and cellular morphology, and showed
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reduction in P-S6 and P-ERK staining. Interestingly, three out of five treated mice developed

MPNST. Interrogation of MPNSTSs showed high expression in Ki-67, and moderate P-S6 and P-

ERK staining (Supplemental Figure 2B).
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Figure 4. Treatment of 5-week-old mice with rapamycin and lovastatin delays caudorostral tumor
progression. (A) Schematic of treatment strategy. (B) Representative H&E sagittal sections of control and treated
mice. Scale bars: 200 um, 50 pum. (C) Illustration of treatment results showing tumor location (red) in sagittal
sections. (D) Immuostaining for Ki-67 and downstream effectors of the PI3K and MAPK pathways. Scale bar: 50

um
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Increased reporter staining and proliferation in the caudal brain regions prior to rostral
regions

The presence of tumors in the caudal corpus callosum prompted us to interrogate the
proliferation along the rostrocaudal axis of the brain. Since we first observed tumors as early as
5 weeks of age, we interrogated mice at this time point for our studies. 30 pm frozen coronal
brain sections were obtained from mutant mice (n=5) and stained for X-gal reactivity. Mutant
brains showed intense staining along the thin lamina of cells separating the hippocampus from
corpus callosum, a germinal niche referred to as the SCZ (Seri, 2006) (Figure 5A), as well as the
white matter extension of the hippocampus known as the fimbria fornix (FF).  In contrast,
rostral regions did not show marked differences between WT and mutant. In addition to reporter
staining, we performed Ki-67 immunostaining on 5 pm paraffin coronal sections along the
rostrocaudal axis of the lateral ventricles and adjacent white matter (n=5). The only areas of
altered proliferation were the SCZ and the FF (Figure 5B). Pten/K-ras mice showed an increase
total number of Ki-67 positive cells in the SCZ compared to WT controls (1186.4 + 83.6 vs. 457
+ 63.4). The fimbria fornix, another destination of glial progenitors of the SCZ, also showed
increased proliferation (552 + 70.9 vs. 219.8 = 26.8). Surprisingly, the posterior SVZ (PSV2),
adjacent to the SCZ and FF, did not exhibit altered proliferation despite showing darker X-gal
staining (Figure 5A and C). Contrary to our caudal findings, there were no significant changes in
proliferation in the rostral features such as the anterior corpus callosum, anterior commissure, or
along the anterior ventricular surface (Figure 5D). Our results suggest that our mutations affect

each region uniquely, and that transformation along the rostrocaudal axis is not uniform.
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Figure 5. Increased reporter staining and proliferation in the caudal brain regions. (A) Representative
coronal sections of X-gal stained 5-week-old mice. (B, C) Increased proliferation in the SCZ and fimbria fornix of
mutant mice. (D) No change in proliferation in the rostral regions of mutant mice.
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The composition of cell-types along the rostrocaudal axis is uniquely altered by PI3K and
MAPK activation.

Olig2 is a transcription factor that is required for the production of glial progenitors as
well as the maintenance and proliferation of glioma cells (Marshall et al., 2005; Ligon et al.,
2007). Endogenous Olig2 expression occurs in a unique spatial patterning along the rostrocaudal
axis (Menn et al., 2006). In rostral zones, Olig2 is limited to the corpus callosum, lining the
dorsal wall of the SVZ (Figure 6A). In contrast, in caudal planes, Olig2 expression is seen on
both sides of the collapsed walls of the SCZ (Figure 6C). Since we observed high Olig2
reactivity in the tumors, we interrogated the Olig2 composition in the SCZ and SVZ through
immunofluorescence. We stained for Olig2, Ki-67, and doublecortin (DCX), and neuroblast
marker, to determine how our mutations shift the balance between neuronal and glial progenitors.
We selected 5 week old mice for this study since 5 weeks of age was the earliest tumors were
detected. We observed noticeable differences in progenitor composition along the rostrocaudal
axis. In rostral zones, we found ectopic Olig2 expression in the lateral wall and the dorsolateral
corner of the SVZ (Figure 5A). These regions are normally neurogenic, as defined by the
expression of DCX, but shift towards a glial fate in response to our mutations. However, the
adjacent rostral white matter showed no difference in proliferation or progenitor composition
(Figure 6B).

In contrast, the caudal regions of the brain showed a different response to Pten deletion
and K-ras activation. Expansion of Olig2 expression was detected along both walls of the SCZ
(Figure 6C). Importantly, the caudal plane of the corpus callosum showed stark enhancement of

both Olig2 and DCX expression, as well as proliferation (Figure 6D). Our results highly key
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differences between the SCZ and the SVZ, and suggest that mutations uniquely affect the

cellular composition of these two zones.
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Figure 6. Comparison of Olig2 and DCX expression along the rostrocaudal axis. (A) The rostral SVZ
exhibits ectopic expression of Olig2. (B) No changes in expression in the adjacent white matter. (C) The SCZ
shows expansion of existing Olig2 progenitors. (D) Increase in Olig2 and DCX double positive cells in the caudal

corpus callosum.
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DISCUSSION

Previous studies have shown that GFAP-expressing adult neural stem cells harbor the
potential to initiate GBM-like tumors upon combinations of Rb, p53, Nfl, and Pten deletions
(Alcantara Llaguno et al., 2009; Jacques et al., 2010; Chow et al., 2011). These models have
been useful in determining the oncogenic potential of NSCs, however, these models fail to
answer two important questions. Where within this extensive niche do tumors originate from,
and from which NSC subtype?

Determining the location of tumor initiation is of particular importance because
anatomical position can be a prognostic factor in gliomas and reflect their cell-of-origin
(Simpson et al., 1993; Fontaine and Pasquis, 2010; Lai et al., 2011). This is likely due to the
genetic profiles of tumor precursor cells and their stage of development during their
transformation. For example, genetic signatures and growth patterns have been shown to
associate with tumor location in oligodendrogliomas (Zlatescue et al., 2001). Other studies have
implicated that anatomical positioning correlates to the mutational status of GBM. A recent
survey of 358 human de novo GBMs demonstrated occurrence in a high frequency within or
contiguous with the caudal SVZ, and that MGMT promoter methylated GBMs are preferentially
localized to the left hemisphere (Ellingson et al., 2012). Furthermore, GBMs with mutations in
isocitrate dehydrogenase 1 (IDH1) are predominantly localized to the frontal lobe and have
similar gene expression profiles as lineage-committed neural precursors (Lai et al., 2011). These
clinical studies provide evidence that spatial location of gliomas reflect cell of origin, gene
expression, and clinical outcome.

In addition to clinical studies, various mouse models have shown that NSCs from

different germinal zones in the murine nervous system respond uniquely to glioma-causing
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mutations. Deletion of Nfl leads to increased proliferation and gliogenesis in NSCs from the
brainstem, but not the cortex, due to differential expression of the mTOR component rictor (Lee
et al., 2010). Brainstem NSCs express fivefold more rictor relative to cortical NSCs, therefore
Nfl loss results in mMTORC2-mediated Akt activation and p27 degradation, leading to increased
NSC proliferation and glial differentiation. Subsequently, loss of Nfl in NSCs from the third
ventricle, but not lateral ventricles, is able to induce low grade optic gliomas (Lee et al., 2012).
Transcriptomal analysis of neurospheres derived from the third and lateral ventricles revealed
that they represent two molecularly-distinct stem cell populations. Furthermore, transduction of
mutant N-myc into NSCs of the murine cerebellum, brainstem, and forebrain, induced distinct
tumors with unique gene expression signatures (Swartling et al., 2012).

Analysis of how different compartments of the SVZ respond to oncogenic mutations has
not been undertaken. The NSCs in the SVZ are heterogeneous and reside in a region-specific
manner (Merkle et al., 2007), raising the question if a particular subtype may undergo
transformation more readily, or if they all transform uniformly. The OB is the destination of the
majority of NSCs in the SVZ. It is a complex structure, with olfactory interneurons organized
into different layers based on their function. Neuroblasts enter through the core and migrate
radially into the granule layer to become granule cells (GCs), or continue migration to
periglomerular layer where they differentiate into periglomerular cells (PGCs) (De Marchis et al.,
2007). Here, they play important roles in regulating the activity of mitral and tuft cells, the
primary projection neurons that relay sensory information from the olfactory epithelia directly to
the cortex (Greer, 1987). Several subtypes of GCs and PGCs can be distinguished based on their
morphology and expression of molecular markers (Lledo et al., 2008). GCs can be localized into

the deep or superficial layers and further subdivided based on their expression of the calcium-
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binding protein calretinin (CalR) (Orona et al., 1983). PGCs can be subdivided into three types
of neurons based on their expression of CalR, tyrosine hydroxylase (TH), and calbindin (CalB)
(Parrish-Aungst et al., 2007). Importantly, Merkle and colleagues first demonstrated that
different types of OB interneurons are derived from unique locations in the SVZ.  Using
adenovirus-expressing Cre, they determined that the dorsal wall of the SVZ gives rise to
superficial GCs and TH® PGCs, whereas the ventrolateral wall produces deep GCs and CalB”
PGCs. NSCs in the medial wall differentiate into CalR* GCs and PGCs. Furthermore, a study
using retroviral labeling of SVZ cells showed that dendritic arbors of newborn OB interneurons
are specified within different domains of the SVZ along the rostrocaudal axis (Kelsch et al.,
2007). GCs with dendrites that branch into the superficial external plexiform layer are derived
from NSCs residing in the anterior SVZ, whereas GCs that branch deep within the layer are from
the posterior SVZ, suggesting that the rostrocaudal position of SVZ progenitors also influences
their mature identity.  Transplantation experiments, where progenitors from one region in the
SVZ are grafted to another, failed to redirect progenitor differentiation, suggesting that fate
specification is highly a cell-autonomous phenomenon (Merkle et al., 2007; Kelsch et al., 2007).
These studies demonstrate that progenitor cells are intrinsically directed toward specific lineages
and reside in a region specific manner. Thus, this postulates that the mosaic organization of
NSCs is an important factor in gliomagenesis.

We previously determined that loss of Pten in SVZ NSCs resulted in enhanced
proliferation without tumorigenesis or the disruption of normal neural circuitry (Supplemental
Figure 1) (Gregorian et al., 2009). We reasoned that additional activation of MAPK would
boost NSCs towards oncogenesis since these two pathways have been implicated to cooperate in

MPNST (Chapter 2) and GBM (TCGA 2008). We found that activation of both pathways was
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sufficient to induce malignant astrocytomas in the adult mouse brain. Tumors were observed
throughout the frontal cortex, extending from the white matter into the surrounding brain
parenchyma. Since we observed tumors throughout the mouse forebrain, we sought to determine
where tumors first arose and examined the developmental pattern of our model. In both sagittal
and coronal sections, we observed tumors forming in the caudal white matter during the second
month of life. Subsequent analysis of mice at later time points indicated additional
tumorigenesis in the rostral white matter, revealing a caudorostral glioma developmental pattern.
Since the SVZ spans the majority of the frontal cortex in the adult mouse, our results suggest that
stem/progenitors residing in the caudal extension of the SVZ are the first to transform due to
PI3K and MAPK activation.

Our lovastatin and rapamycin treatment results provide further evidence of a directional
progression in our model. Lovastatin inhibits the rate-limiting enzyme in cholesterol
biosynthesis, HMG-CoA reductase, and is used to treat hyperlipidemia (Corvol et al., 2003).
Lovastatin can also prevent Ras isoprenylation and activity (Mendola et al., 1990; Sebti et al.,
1991), and has been shown to rescue the learning the deficits in Nf1*" mice by reducing MAPK
activity (Costa et al., 2001; Costa, Federov et al. 2002; Li et al., 2005). Therefore, we reasoned
that lovastatin may be a promising anti-glioma therapeutic. Similar to our MPNST treatment
results in Chapter 2, we saw little efficacy when administered individually, but remarkable
success when combined with rapamycin. Two of the five treated mice were tumor-free upon
inspection, while the remaining three showed well-defined tumors in the corpus callosum.
Compared to vehicle treated controls, combination treated tumors were located more posteriorly
along the rostrocaudal axis of the corpus callosum, supporting our hypothesis that tumors initiate

from the SCZ. Our treatment strategy also demonstrated long-term efficacy, as 10-week-old
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mice survived, on average, twice as long as controls. Surprisingly, lovastatin and rapamycin
administration was unable to prevent or impede MPNST formation, despite effectively
controlling brain gliomas.

It should also be noted that we never found tumors in the OB or the RMS. Yet
surprisingly, we observed (-galactosidase reactivity in the OB, indicating that a subpopulation of
SVZ progenitors is able to withstand genetic manipulation and follow normal integration and
differentiation (Supplemental Figure 3). These results, with the MPNST resistance, demonstrate
that oncogenic properties are defined by a complex interplay between genetic lesions and
initiating cell-types.

Our results highlight a population of stem/progenitors residing in the caudal extension of
the SVZ. During rodent brain development, the caudal regions of the lateral ventricles collapse
due to hippocampal growth and expansion. The two opposing walls of the SVZ become
sequestered together between the hippocampus and corpus callosum, giving rise to the SCZ. The
SVZ and SCZ are similar in that they both contain multi-potent stem cells that can differentiate
into neurons, oligodendrocytes, and astrocytes. In vitro studies have shown that
stem/progenitors from this both regions can form neurospheres and differentiate into all three
lineages (Seri et al., 2006). In vivo studies using retroviral labeling of SCZ stem/progenitors also
reveal that they give rise to migrating neuroblasts that populate the olfactory bulb, and immature
glia in the corpus callosum, striatum, and fimbria fornix (Menn et al., 2006). Despite these
similarities, there are key differences between the two neurogenic zones. We and others have
demonstrated that cells isolated from the SCZ produce fewer neurospheres than the SVZ
(Supplemental Figure 4) (Seri et al., 2006). It was later reported that the rostral SVZ produces a

greater number of neurons compared to the SCZ in vivo (Menn et al., 2006). Furthermore, it was
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recently discovered that an age-dependent decline in neurogenesis occurs much more rapidly in
the SCZ compared to the SVZ (Luo et al., 2006; Kim et al., 2012). Although few in number,
these studies provide evidence that the SVZ and SCZ are unique and distinct germinal zones.

In the neonatal and adult SVZ, neurogenesis and gliogenesis occur simultaneously
(Kriegstein and Alvarez-Bullya, 2009). The regulation of Olig2 expression in neuroglial
progenitors is a critical mechanism that controls the balance between gliogenesis and
neurogenesis in the postnatal SVZ (Cai et al., 2007 ; Hack et al., 2005). A number of studies
have shown that Olig2 is regulated by ERK activity (Jackson et al, 2006; Kessaris et al., 2004;
Hu et al., 2008; Lee J et al., 2010). Furthermore, a recent study showed that ERK activation via
Nfl deletion can induce Olig2 expression in SVZ progenitors, thereby shifting the balance
towards gliogenesis at the expense of neurogenesis (Wang et al., 2012). These findings may
explain why we observe such a contrast in transformation kinetics between the SVZ and SCZ.
The SCZ is innately gliogenic, expressing basal levels of Olig2 that directs precursors towards
mature glia in the nearby white matter (Marshall et al., 2005; Menn et al., 2006; Seri et al., 2006).
In contrast, the anterior SVZ is robustly abundant with DCX positive neuroblasts and devoid of
Olig2 positive glial progenitors (Doetsch, 2003). Therefore, we postulate that glial progenitors
in the SCZ have a transformation advantage over neural progenitors in the SVZ due to their
innate glial status. Interestingly, heterotypic microtransplantations of SVZ grafts into the SCZ
resulted in a majority of the cells merging into the RMS and maturing into granule neurons in the
OB (Seri et al., 2006). Therefore, it will be interesting to characterize the specific markers that
confer SCZ and SVZ cells their unique properties, and to investigate whether these markers are

detectable in gliomas.
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It would be interesting to determine which GBM subtype our model reflects. A recent
study deleted Pten and p53 in PDGFRA positive glial progenitors and compared gene expression
of the resulting gliomas to the four GBM subtypes. They found that their model resembled the
Proneural subtype, establishing the relationship between glial progenitors and Proneural GBM
(Lei et al., 2011). In our model, we observe high phospho-PDGFRA reactivity in the SCZ and
tumors (Supplemental Figure 5), therefore we hypothesize that our model would reflect the
Proneural subtype. However, we also postulate that our model may harbor properties similar to
other subtypes. The presence of tumors stemming from the rostral SVZ raises the question if
these tumors retain their neural gene expression and therefore would be similar to the Neural
subtype, or if the ectopic Olig2 expression directs them towards the Proneural group. Further
studies are required to determine the gene expression profiles of the tumors from our model.

Our study highlights the impact that NSC diversity has on gliomagenesis. We provide
the first evidence that the SVZ and SCZ are distinct germinal zones harboring different
oncogenic properties. First, we show that tumors originate in the caudal white matter and exhibit
a caudorostral progression. This is supported by our treatment results, in which we slow the
progression of gliomas and observe tumors only in the caudal regions of the white matter.
Secondly, we show increased reporter staining in the SCZ, prior to the SVZ, and that our genetic
perturbations in GFAP-expressing NSCs do not result in a uniform increase of proliferation
among stem/progenitors, but rather affect the SCZ separately from the SVZ. Finally, we show
that the SVZ and SCZ are innately different in their composition of neural and glial progenitors,
and that activation of the PI3K and MAPK pathways uniquely alter the cellular make-up of the

two niches. This study demonstrates that transformation among neural stem cells is not uniform,

70



and reveals a critical role of the SCZ in gliomagenesis, imploring for further investigation of

SCZ progenitors.

71



Wild Type

-~

Ptenloxe/loxp - mGFAP-Cre*

LSL-Kras®t2P/*:mGFAP-Cre*

Supplementary Figure 1. Sagittal sections of non-gliomagenic geneotypes. Deletion of Pten or activation of K-
ras leads to increased cellularity in the SVZ (right), without tumorigenesis. Mice are viable and indistinguishable
from WT littermates. Heterozygous deletion of Pten with activation of K-ras induces NF1 phenotype (Chapter 2),

without CNS tumorigenesis. Scale bar: 3 mm, 75um.
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Supplemental Figure 2. Treatment of 10-week-old mice with rapamycin and lovastatin increases survival but
is not effective against MPNST. (A) Survival curve of treated mice. (B) Immuostaining for Ki-67 and
downstream effectors of the PI3K and MAPK pathways. Scale bars: 50 pm.
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Supplementary Figure 3. Lineage tracing of SVZ progenitors in the OB of mutant mice. A subpopulation of
SVZ stem cells are able to integrate and differentiate normally in the mutant OB despite genetic manipulation. p-
galactosidase positive cells (green) are able to repress glial markers GFAP and Olig2(red, left) and express neuronal
marker TuJ1 and NeuN (red, right).
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Supplementary Figure 4. Difference in self-renewal between SVZ and SCZ. NSCs from WT SVZ and SCZ
have different self-renewal capacities and self-renewal responses to genetic manipulations.
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Supplementary Figure 5. Phospho-PDGFRA staining in the brain. (A) The pre-tumorigenic SCZ and (B) brain
tumors show high PDGFR activity.
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Experimental Procedures

Animals

Pten'™o:mGFAP-Cre* transgenic mice line were generated previously (Gregorian et al. 2009)
and crossed to LSL-Kras®*??*on a C57, 129/Balb/c background(Jackson, Willis et al. 2001).

loxP-Stop-loxP-K-ras®*?P'612P (LS| -K-ras®P/612P

) mice are embryonically lethal. F1
generation Pten'™®*;LSL-Kras®**®* males were backcrossed with Pten'®”"®:mGFAP-Cre*
females to produce F, generation experimental animals. Animals were genotyped by standard
genomic PCR techniques (Lesche, Groszer et al. 2002). Pten'””"?:mGFAP-Cre* mice were
crossed to ROSA26 (Soriano, 1999) mice for reporter analysis as described previously
(Gregorian et al., 2009). Mice were observed daily for evidence of illness or tumor formation. If
loss 10% of body weight or had difficulty feeding and grooming, mice were sacrificed.
Moribund mice with possible internal tumors were also sacrificed. Animals were housed in a
temperature-, humidity-, and light-controlled room (12-h light/dark cycle), and allowed free
access to food and water. All experiments were conducted according to the research guidelines of
the UCLA Chancellor's Animal Research Committee.

Polymerase Chain Reaction (PCR)

The specificity of Pten excision and Cre expression was evaluated by PCR using DNA from tail
clip biopsy as described previously (Gregorian et al., 2009). The K-ras and Lox-K-ras G12D
alleles were detected via combination of 3'universal with either 5'wt and 3’mut, The yielding a
265-bp and a 305-bp product, respectively. dt5' new (5'wt) 5’GTC GAC AAG CTC ATG CGG
G 3', Uni'new (3'universal) 5 CGC AGA CTG TAG AGC AGC G 3’, and SD5'-new (5'mut) 5’

CCATGG CTT GAG TAAGTC TGC 3’. PCR was performed in 20 pl reactions using standard

procedures for forty cycles; each cycle consisted of denaturing at 94°C for 30”, annealing at 60°C
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for 1:30°, and extension at 72°C for 1°, followed by a single 5’ extension at 72°C. The PCR
products were analyzed on 2% agarose gels.

Histology and Immunohistochemistry of Tissue Sections

All tumors were graded according to World Health Organization (WHO) histopathological
criteria (Kleihues, Louis et al. 2002). IHC staining was performed on age-matched control and
mutant sections. 5 pum sections that were prepared from paraffin-embedded blocks were placed
on charged glass slides. The slides were deparaffinized with xylene and rehydrated in descending
grades (100%-70%) of ethanol. The endogenous peroxidase activity was inactivated in 3%
hydrogen peroxide (H20,). After washing in deionized water, antigen retrieval was performed by
incubating the slides in 0.01 M citric acid buffer (pH 6.0) at 95°C for 13.5 min. Slides were then
allowed to cool for 30 min in citric acid buffer. After washing in deionized water, the slides were
then transferred to either PBS (pH 7.4) or TBST for 5 min. For DAB staining, slides were first
blocked with 5% normal donkey serum then incubated with primary antibody overnight at 4°C.
Following three 5 min washes in either PBS or TBST, slides were incubated with biotinylated
secondary antibody (1:200, Jackson Immunoresearch) for 30 min at room temperature.
Amplification was performed with a horseradish peroxidase system (Vectastain ABC Kit, Vector,
PK-6100) using a liquid DAB peroxidase substrate (Biogenex, HK130-5K). Slides were
counterstained in Gill’s hematoxylin, dehydrated, cleared, and cover-slipped. Negative control
slides were run without primary antibody. Primary antibodies used were PTEN (1:100, Cell
Signaling), P-AKT (1:50; Cell Signaling); P-S6 (1:100 Cell Signaling); P-ERK (1:100, Cell
Signaling); Ki-67 (1:500; Vector); GFAP (1:500; Dako); Olig2 (1:200; IBL); Nestin (1:5000;

Novus); DCX (1:500; Santa Cruz); P-PDGFRA (1:300; Santa Cruz).
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For fluorescence double staining, the section was treated as above and first stained with the first
antibody followed by Alexa Fluor® conjugated secondary antibody (Invitrogen). After staining,
slides were incubated in Dapi (Invitrogen) for 5 minutes, washed in TBST, and coverslipped
using Prolong mounting medium (Invitrogen).

X-gal staining.

Mice were prepared and stained as previously described (Soriano, 1999). Pten'®"®; k-
ras®*?®*; mGFAP-Cre77.6";ROSA26 mice were intracardially perfused with a fixative solution
of 2% formalin , 0.2% glutaraldehyde in PBS. The brains were cryoprotected in 30% sucrose in
PBS until they lost buoyancy. They were embedded in OCT, sectioned at 30um, then stained
free-floating in X-gal solution for 4 hours. Sections were washed in PBS, mounted on to charged
glass slides and coverslipped with 50% glycerol.

Ki-67 Quantification

Slides were digitally scanned at 20x magnification using an Aperio XL system (Aperio, Vista,
CA), and images were quantified using the Definiens imaging software.

Rapamycin and Lovastatin Treatment

Rapamycin powder (LC Laboratories, Woburn, MA) was reconstituted in 100% ethanol to a
stock solution of 10 mg/mL and was stored at -20°C. Working solution was made each time by
diluting the stock solution to 1 mg/mL with vehicle (5.68% Tween-80, 5.68% polyethylene
glycol 400 in water). Rapamycin (4 mg/kg) in vehicle was administered via intraperitoneal
injection daily. Lovastatin powder (Sigma) was reconstituted in ethanol at 55°C (50 mg/mL) and
diluted to a final concentration of 4 mg/mL in water at pH 7.5. Lovastatin (10 mg/kg) was

injected subcutaneously daily.
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Summary

Cancers of the nervous system continue to be a significant cause of disfigurement,
morbidity, and death. They are the most common form of pediatric solid tumors, in part due to
the hereditary disorder of Neurofibromatosis Type 1. Genetic profiling of NF1 patients has
provided insight into the role of the NF1 gene in pathogenesis, however knocking out Nfl in a
variety of cell populations in the mouse has not recapitulated the full spectrum of the disease,
suggesting that other genetic events are likely. We are the first study to provide functional
evidence that PTEN is important in controlling neurofibroma onset and subsequent malignant
progression. Because no good treatment options exist for MPNSTSs, the implications from our
study are crucial. Our results provide a new signaling pathway responsible for the progression of
an otherwise untreatable disease. Since then there have been other groups that have generated
MPNST models in similar fashion by deleting Pten either in combination with Nf1 deletion or
with over-expression of EGFR (Keng et al., 2012a, b). Additionally, surveys of human MPNSTs
have found alterations in PTEN and its controlled signaling pathway, confirming that this event
occurs in human disease (Bradtmoller et al., 2012; Masliah-Planchon et al., 2013). These results
provide a new hope for NF1 and MPNST patients, as new inhibitors of the PI3K/AKT/mTOR
pathway are being developed (Welker and Kulik, 2013).

Like MPNSTSs, few good treatment options exist for malignant brain gliomas. However,
advancement in genetic analysis and the generation of mouse models have provided valuable
insight into the mutations and cell-types that cause disease. Experiments in mice have shown that
not only can NSCs give rise to tumors, but that differentiated neurons and astrocytes can as well
(Friedmann-Morvinski et al., 2012). While these studies show that oncogenic potential exists

among all cell-types in the brain, they also raise the question of which cell is most likely to
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transform and produce a tumor. By mutating the entire GFAP stem cell population, and
performing age-dependent analysis, we show that transformation is not uniform among stem
cells. We demonstrate that progenitors in the SCZ are a likely cell-of-origin for gliomas, as they
have an oncogenic advantage over those in the SVZ, perhaps due to their innate gliogenic
identity. Our results highlight the importance of glial progenitor involvement in gliomas, and
call for the investigation gliogenic zones in the human brain. In conclusion, the results from this
dissertation have direct implications regarding new treatment strategies and new cellular origins

of cancers of the nervous system.
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APPENDIX

Development/Plasticity/Repair

Pten Deletion in Adult Neural Stem/Progenitor Cells
Enhances Constitutive Neurogenesis

Caroline Gregorian,' Jonathan Nakashima,' Janel Le Belle,' John Ohab,” Rachel Kim,' Annie Liu,' Kate Barzan Smith,'
Matthias Groszer,'” A. Denise Garcia, Michael V. Sofroniew,* S. Thomas Carmichael,? Harley I. Kornblum,"* Xin Liu,"*
and Hong Wu!

Departments of 'Molecular and Medical Pharmacology, *Neurology, *Pathology and Laboratory Medicine, and “Neurobiology, *The Semel Institute, David
Geffen School of Medicine, University of California, Los Angeles, Los Angeles, California 90095

Here we show that conditional deletion of Pten in a subpopulation of adult neural stem cells in the subependymal zone (SEZ) leads to
persistently enhanced neural stem cell self-renewal without sign of exhaustion. These Pfen null SEZ-born neural stem cells and progenies
can follow the endogenous migration, differentiation, and integration pathways and contribute to constitutive neurogenesis in the
olfactory bulb. As aresult, Pten deleted animals have increased olfactory bulb mass and enhanced olfactory function. Pten null cells in the
olfactory bulb can establish normal connections with peripheral olfactory epithelium and help olfactory bulb recovery from acute
damage. Following a focal stroke, Pten null progenitors give rise to greater numbers of neuroblasts that migrate to peri-infarct cortex.
However, in contrast to the olfactory bulb, no significant long-term survival and integration can be observed, indicating that additional
factors are necessary for long-term survival of newly born neurons after stroke. These data suggest that manipulating PTEN-controlled
signaling pathways may be a useful step in facilitating endogenous neural stem/progenitor expansion for the treatment of disorders or
lesions in regions associated with constitutive neurogenesis.

Key words: SEZ; PTEN; neurogenesis; olfactory; neural repair; poststroke

Introduction that continued neoneurogenesis from the SEZ is critical for
The adult CNS contains self-renewing stem cells capable of gen- ~ maintaining the homeostasis of the OB and therefore the olfac-
erating new neurons, astrocytes, and oligodendrocytes, a process  tory functions (Goldman, 1998).

evolutionarily conserved in birds, rodents, primates, and humans NSC-mediated neoneurogenesis is also believed to participate

(Doetsch, 2003). The subependymal zone (SEZ) is one of at least in the process of neural repair. Recent findings suggest endog-
two areas of adult neurogenesis where glial fibrillary acidic pro-  enously generated new neurons participate in the formation of
tein (GFAP) expressing cells act as slow-dividing neural stemcells  circuitry and at least some functional recovery following neuro-
(NSCs) capable of generating neuroblast precursors (Doetsch,  logical damage such as stroke (Yamashita et al., 2006). Therefore,
2003; Garcia et al,, 2004; Lledo et al., 2006). The neuroblasts  understanding the molecular mechanisms and pathways capable
migrate into the rostral migratory stream (RMS) and then into of activating and expanding neural stem/precursor cell (NS/PC)
the olfactory bulb (OB) where they differentiate into granule and populations, stimulating their migration toward damaged or dis-
periglomerular neurons (Luskin, 1993; Lois et al., 1996; Petreanu  eased areas, enhancing their survival, and promoting their mat-
and Alvarez-Buylla, 2002; Hack et al., 2005; Curtis et al,, 2007).  yration and integration into the existing neural circuitries may
Since the majority of granule neurons in the OB are generated ultimately lead to repair and improve damaged neuronal func-
postnatally (Petreanu and Alvarez-Buylla, 2002), it is believed 01 (Peterson, 2002; Emsley et al., 2005).

Phosphatase and tensin homolog deleted on chromosome 10
Received July 3, 2008; revised Nov. 8, 2008; accepted Dec. 17, 2008. (PTEN) encodes a phosphatase and is a potent antagonist of
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ated mouse models with conditional deletion of the murine ho-
molog of the PTEN gene (Pten) in the brain at different

I dence should be to Dr. Hong W, Dep f Molecular and Medical Pharmacology, CHS
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D0L10.1523/INEUROSC] 3095-08.2009 NSCs, we showed PTEN negatively regulates NSC proliferation,
Copyright © 2009 Society for Neuroscience  0270-6474/09/201874-13515.00/0 survival, and self-renewal, both in vivo and in vitro (Groszer et al.,
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2001, 2006). Our recent results demonstrate that Pten null NS/
PCs have enhanced self-renewal capacity, accelerated G0-G1 cell
cycle entry, shortened cell cycle, and decreased growth factor
dependency (Groszer et al.,, 2006). Therefore, loss of PTEN is
sufficient to increase the pool of self-renewing NSCs and pro-
mote their escape from the homeostatic mechanisms of prolifer-
ation control while cell fate commitments of the Pten null NS/
PCs are largely undisturbed (Groszer et al., 2001, 2006).

Because PTEN loss can lead to enhanced embryonic NSC self-
renewal, proliferation, and survival, its transient inactivation
may be a promising approach for “boosting” the limited adult
NSC population, a critical step toward treating certain neurode-
generative diseases. However, such an approach would have to be
vigorously tested in vivo to ensure that (1) the PTEN-PI3K path-
way plays a similar role in adult NSCs, and (2) perturbation of
PTEN-PI3K pathway alone in NSCs is not tumorigenic. To ad-
dress these 1ssues and further explore the role of PTEN in regu-
lating adult neurogenesis and repair in vivo, we deleted Pren in a
subpopulation of adult NS/PCs in the SEZ by crossing Pren con-
ditional knock-out mice (Pren'™P"P) ( Lesche et al., 2002) with a
murine GFAP-Cre* (mGFAP-Cre™) transgenic line.

Materials and Methods

Animals. mGFAP-Cre™ transgenic mice line 77.6 were generated using a
15 kb promoter cassette containing the full-length sequence of the mu-
rine GFAP gene as described previously for line 73.12 (Garcia et al., 2004)
and crossed to Pten™ " mice (Lesche et al., 2002) on a 129/BALB/¢
background. F| generation compound heterozygous animals were back-
crossed with Pren™#"®# mice to produce F, generation experimental
animals. Animals were gt‘llUI}'pt‘d by standard genomic PCR techniques
(Lesche etal., 2002). Pren'*****;mGFAP-Cre™ mice were crossed to RO-
SA26 mice (Soriano, 1999) for reporter analysis. In addition to the SEZ,
77.6 mice exhibited only a scattered mosaic pattern of Cre/B-gal expres-
sion in subpopulations of GEAP ¥ astrocytes in the adult brain. Animals
were housed in a temperature-, humidity-, and light-controlled room
(12 h light/dark cycle), and allowed ad libitum access to food and water.
All experiments were conducted according to the research guidelines of
the University of California at Los Angeles Chancellor’s Animal Research
Committee. Pren™"* and Pren"*"**mGFAP-Cre™ animals are
herein to referred to as control and mutant, respectively.

PCR. The specificity of Pren excision was evaluated by PCR using DNA
from tail clip biopsy. For Pten PCR, the loxp (650 bp ), wild-type (500 bp),
and exon 5 (300 bp) fragments are amplified simultaneously by using
three  primers  TCCCAGAGTTCATACCAGGA (Pten6637-F),
GCAATGGCCAGTACTAGTGA-AC (Pten6925-R), and AATCTGTG-
CATGAAGGGAAC (Pten7319-R). PCR was performed in 20 pl reac-
tions using standard procedures for forty cycles; each cycle consisted of
denaturing at 94°C for 45 s, annealing at 60°C for 30 s, and extension at
72°C for 1 min, followed by a single 5 min extension at 72°C. The PCR
products were analyzed on 2% agarose gels.

5-Bromo-2"-deoxyuridine labeling. 5-Bromo-2'-deoxyuridine (BrdU;
Sigma, B5002) was given as either a single intraperitoneal injection of 200
mg/kg followed by perfusion with 4% paraformaldehyde after 2 h, or as
four intraperitoneal injections of 200 mg/kg every 12 h followed by per-
fusion after 14 d. Staining with anti-BrdU antibody (1:1000 BD Bio-
sciences, 51-75512) was performed according to manufacturer’s
suggestions.

Neurosphere cultures. Neurosphere cultures were prepared as de-
scribed previously (Groszer et al., 2006). Briefly, 8-weck-old SEZs were
dissected, minced with a razor blade, dissociated by enzymatic digestion
with Accumax followed by light trituration with a fire-polished glass
pipette, and passed through a 70 um nylon mesh. For moderate density
cultures, cells were resuspended at 10,000 cells/ml (10K) in Neurobasal
medium (Invitrogen), supplemented with B-27 ( Invitrogen), Heparin
(Sigma), 20 ng/ml basic fibroblast growth factor (bFGF, Peprotech), and
20 ng/ml epidermal growth factor (EGF, Invitrogen). For clonal/low
density cultures, tertiary neurospheres were dissociated into a single cell

suspension as described above and the cells were plated at 1000 cells/ml
(1K) in T25 tissue culture flasks. Clonal cultures were passaged every 2
weeks. At passage 1, 4, 8, 16, and 24, cells were also plated into 96 well
plates at clonal density and after 10 d clonal neurospheres were counted
and differentiated. All neurospheres in the 96-well clonal plates which
measured =40 pm in diameter were counted using the Microcomputer
Imaging Device Program (MCID).

Immunocytochemistry of neurospheres, Immunocytochemistry of neu-
rosphere cultures was performed as described previously (Groszer et al.,
2001). Briefly, following neurosphere counting, at least 20 randomly
chosen clonal neurospheres were transferred from the 96-well plates
onto poly-L-lysine (BD Biosciences) and laminin-coated glass coverslips
(one sphere per coverslip) for differentiation in Neurobasal medium in
the absence of growth factors. After five days, the differentiated neuro-
spheres were fixed in 4% paraformaldehyde and immunostained with
rabbit anti-TUJ1 (1: 1000; Covance, MMS-435P) for neurons.

Image analysis and quantification. BrdU-immunostained (BrdU ™)
nuclei were visualized with a Leica light microscope (40> objective)
equipped with a charge-coupled device digital camera. For 14 d postin-
jection, comparable sections of immunostained profiles contained in the
GCL and RMS were counted in 5 pm thick serial sections at 100 pm
intervals. For the 2 h postinjection period, the numbers of BrdU * nuclei
were counted in coronal sections of SEZ and OB. The respective areas of
these layers/regions were determined with nuclei were visualized with
Ariol SL-50 scanner and analysis system (Applied Imaging/Genetix) soft-
ware and the quantified values were converted to densities (number of
BrdU * profiles per mm?); n = 6. The structure volumes and RMS were
measured as described previously (Petreanu and Alvarez-Buylla, 2002;
Tsai et al., 2006).

Histology and immunohistochemistry of tissue section. All IHC staining
was performed on 5 pm sections that were prepared from paraffin-
embedded blocks and placed on charged glass slides. The slides were
deparaffinized with xylene and rehydrated in descending grades (100%-—
70%) of ethanol. The endogenous peroxidase activity was inactivated in
3% hydrogen peroxide (H,0,). After washing in deionized water, anti-
gen retrieval was performed by incubating the slides in 0.01 M citric acid
buffer, pH 6.0, at 95°C for 13.5 min. Slides were then allowed to cool for
30 min in citric acid buffer. After washing in deionized water, the slides
were transferred to either PBS, pH 7.4, or TBST for 5 min. For DAB
staining, slides were first blocked with 5% normal goat serum then incu-
bated with primary antibody overnight at 4°C. Following three 5 min
washes in either PBS or TBST, slides were incubated with biotinylated
secondary antibody (1:200, Biogenex) for 30 min at room temperature.
Amplification was performed with a horseradish peroxidase system
(Vectastain ABC kit, Vector, PK-6100) using a liquid DAB peroxidase
substrate (Biogenex, HK130-5K). Slides were counterstained in Gill's
hematoxylin, dehydrated, cleared, and coverslipped. Negative control
slides were run without primary antibody. For fluorescence double stain-
ing, the section was treated as above and first stained with the first anti-
body followed by signal amplification with TSA Plus Fluorescence Sys-
tems (PerkinElmer, NEL-7448). After biotin blocking, the section was
stained with the second antibody and signal was amplified with TSA
system with different fluorescence. Primary antibodies used were rabbit
anti-PTEN (1:100; Cell Signaling, 9552); rabbit anti-pS6 ( 1:100; Cell Sig-
naling 2155); rabbit anti-pAKT (1:100; Cell Signaling, 9172); rat anti-
GFAP (1:1000; ZYMED Laboratories, 18—0063); goat anti-Nestin ( 1:50;
R&D Systems, AF2736); rabbit anti-Cre (1:3000; Covance PRB-106C);
goat anti-doublecortin (1:500; Santa Cruz, sc8066); mouse anti-NeulN
(1:1000; Chemicon, MAB377); rabbit anti-B-galactosidase (1:1000; MP
Biochemicals, 55976); rabbit anti-ki-67 (1:100; Vector, VP-RM04). 4',6-
diamidino-2-phenylindole (DAPI; Invitrogen, D-1306) used as a fluo-
rescent counterstain.

Olfactory habituation test. This task measures the ability of mice to
detect a novel odorant and to habituate responding to that odorant over
repeated presentations. Previous studies (Trinh and Storm, 2004) dem-
onstrated that a high number of sniffs upon initial exposure of an odor-
ant indicated that the animal detected a novel odorant. Each mouse was
housed individually and handled daily for five days before the beginning
of any behavioral manipulation. Individual mice were then exposed to an



odorant for three successive 2 min trials separated by 1 min intervals. The
first odorant was always sterile water to habituate the animal to the
introduction of a novel object (cotton swab) in the home cage. Following
this pre-exposure phase, a cotton swab saturated with an odorant was
introduced into the home cage for another three successive 2-min trial
separated by 1 minintervals. The total number of contacts that the mouse
made with the cotton swab for each of three 2 min exposures as well as the
total amount of time spent in contact with the cotton swab was recorded.
The odorants used were isoamyl acetate, isomenthone, hexyl alcohol,
limonene, and anisole (Sigma). For data collection and analysis, all ex-
periments were recorded using a camcorder. The number of sniffs and
the duration of each sniff were analyzed in a blind setting by viewing
recordings in real time. To be consistent and unbiased in analysis, a full
sheet of plain paper with a 1 in? box was cut out and placed onto the
screen with the cotton swab directly in the middle of the box, thus block-
ing the rest of the screen. Every time the nose of the mouse entered the
box, it was scored as a sniff; the duration of each sniff was recorded as the
amount of time the nose of the mouse remained in the box. Time inter-
vals were divided into five categories of time as follows: less then 1, 2-5,
6-9,10-12,and =12 5. A total of 14 control and 12 mutant sexually naive
male mice at 10-12 months of age were used in behavior experiments.

Chemical ablation of olfactory epithelium. Control and mutant sexually
naive 14- to 16-week-old male mice (n = 8) were housed individually
and given intraperitoneal injections of dichlobenil (2.6-dichlo-
benzonitrile, Sigma, 25 pg/g body weight) in DMSO (dimethyl sulfoxide,
2 pl/g body weight) for 7 d (Yoon et al., 2005). An additional cohort of
control and mutant mice (n = 5) were given DMSO (vehicle, 2 pl/g body
weight) and evaluated for ability to detect novel odors using the odorant
habituation test at 2, 3, and 4 weeks after the last injection.

Stroke model. Stroke was produced in 2- to 5-month-old control and
mutant animals. Briefly, stroke was produced using a distal, branch ar-
tery occlusion of the middle cerebral artery (Ohab et al., 2006; Tsai et al.,
2006). The middle cerebral artery was exposed over the surface of the
frontoparietal cortex through a small craniotomy, and a parietal branch
coagulated and transected. Both jugular veins in the neck were occluded
for 15 min and then released. This produces a small stroke in he vibrissal
(barrel) somatosensory field of the cortex.

Stereology. Stereological quantification was performed using serial sec-
tions through the anterior SEZ, OB, and peri-infarct cortex using unbi-
ased counting with the optical fractionator as described previously (Tsai
et al., 2006).

Statistical analysis. Unless otherwise noted, all data were subjected to
statistical analysis by using two-sample ¢ testing assuming unequal vari-
ances ( Excel Data Analysis Tool Pak, Microsoft) to determine the differ-
ences between the control and mutant groups. A p value of 0.05 or less
was considered significant.

Results

Generation of mGFAP-Cre™ line for conditionally targeting
adult neural stem/progenitor cells

Previous studies have made a compelling case that the majority of
multipotent NSCs responsible for neoneurogenesis in the adult
mouse brain express GFAP (Doetsch et al., 1999; Groszer et al.,
2001; Imura et al., 2003; Garcia et al,, 2004). To further explore
the role of PTEN in regulating adult neurogenesis and repair in
vivo, we generated anew mGFAP-Cre™ transgenic line 77.6 using
the mGFAP gene cassette (Garcia et al,, 2004) (for details, please
see Materials and Methods). Immunohistochemistry (IHC) of
77.6 mice crossed to Rosa26-LacZ reporter mice (Soriano, 1999)
showed Cre expression in a small subpopulation of SEZ cell in
adult brain (Fig. la,b) and B-Gal expression in many more cells
corresponding to Cre ™ cells and their progenies (Fig. le). These
Cre*/B-Gal™ cells represent adult NSCs since their progenies
can migrate and differentiate along the RMS (Fig. 1f) and reach
the granule cell layer (GCL) in the OB (Fig. 1h). In addition, we
used double-labeling immunohistochemistry to compare expres-
sion of Cre with GFAP and Nestin, intermediate filaments whose

dynamic regulation by neural progenitors and astrocytes at dif-
ferent stages of development has been well documented (Garcia
etal., 2004; Lagace et al. 2007). Three dimensional analysis of SEZ
cells using scanning confocal laser microscopy showed that Cre ™
cells in the SEZ express GFAP (Fig. 1¢) and Nestin (Fig. 1d). Cells
that were Cre positive/GFAP negative or Cre positive/Nestin neg-
ative were not found (data not shown). Furthermore, neither Cre
nor LacZ reporter expression could be detected in embryonic
brains (data not shown), suggesting Cre is not expressed during
embryonic development, and only postnatally in progenitor cells.
In contrast to the previously reported mGFAP lines 7.1 (Bush et
al., 1998; Imura et al.,, 2003) and 73.12 (Garcia et al.,, 2004),
mGFAP-Cre™ line 77.6-mediated reporter expression in progen-
itor cells was limited to the SEZ region and no Cre or LacZ re-
porter expression could be detected in GFAP © NSC populations
in the hippocampus. Therefore, mGFAP-Cre™ line 77.6 was cho-
sen for this study because we hypothesized that the limited Cre
transgene expression in NSCs of line 77.6 would circumvent in-
creased brain size, altered brain histoarchitecture and premature
lethality caused by global Pten deletion from NSCs in previous
conditional knock-out models (Groszer et al., 2001; Yue et al.,
2005).

Pten deletion in the adult NSC leads to increased self-renewal
without tumorigenesis or premature senescence
To explore PTEN's role in regulating adult NSCs, Pten
(Lesche et al., 2002) mice were crossed with mGFAP-Cre™ line
77.6 mice. Pren'™ " *;mGFAP-Cre™ mutants are viable and fer-
tile, vielding Mendelian oftspring distributions (data not shown).
Importantly, no tumors or aberrant neurological phenotypes
were detected in mutant animals up to two years of age.
Previously, we found that deletion of Pten in embryonic NSC
resulted in an enhanced ability to self-renew in vitro compared
with control spheres (Groszer et al., 2006). To assess the function
of PTEN in controlling adult NSC self-renewal and proliferation,
we compared neurosphere forming activity of Pten deleted brain
(Mutant) with that of their wild-type littermates (Control) in a
serial clonal passaging experiment. Similar to Pren deletion in the
embryonic neural stem cells, spheres formed from Pten deleted
adult brain were generally bigger (supplemental Fig. 1a, available
at www.jneurosci.org as supplemental material). Importantly, by
passage 4 =>90% of spheres isolated from the mutant cultures
carried Pten bi-allele deletion and were positive for the Cre trans-
gene (supplemental Fig. 1b, available at www.jneurosci.
org as supplemental material). At each passage, mGFAP-Cre-
mediated Pten deletion in adult NSCs resulted in increased clonal
neurosphere number, a measurement of neural stem cell self-
renewal capacity (Fig. 2a). Serial clonal passaging of cells over 48
weeks (24 passages), at a density at which nearly all spheres are
derived from a single cell, resulted in the eventual senescence of
wild-type cultures while the mutant cells maintained high rates of
self-renewal. This enhanced neurosphere formation was also re-
flected in the total cell numbers attained at each passage (Fig. 2b).
Previous study has suggested that progenitors tend to lose their
neurogenic potential and become more glial-restricted over time
(Seabergetal., 2005). Following in vitro differentiation, the clonal
neurospheres from mutant mice maintained a significantly en-
hanced neurogenesis even at late passages, whereas the wild-type
cultures produced fewer neurons than their mutant counterpart
at every passage and their ability to generate neurons declined
substantially with time in culture (Fig. 2c), similar to our previous
studies on Pten deleted embryonic NSCs (Groszer et al., 2001).
Together, these data indicate that Pren deletion persistently en-
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Figure 1.  mGFAP-Cre line for conditionally targeting adult neural stem/progenitor cells. a, b, e, £, h, Survey images of coronal sections of the SEZ (a, b, €), RMS (f), and OB (h) stained by
bright-field immunohistochemistry. A small number of cells in the SEZ express Cre (a, low mag; b, high mag). Scale bars, 80 pem. ¢, d, Confocal micrographs of single optical slices through cells in
the SEZ that are double stained by immunofluorescence for Cre and GFAP (¢) or Cre and Nestin (d). Individual channels and orthogonal analysis show that all Cre-expressing (Figure legend continues.)



hances self-renewal of adult NSC, while
maintaining their capacity to produce
neurons, without any evidence of stem cell
exhaustion.
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Pten deletion leads to expansion of
neural stem and progenitor cells in the
SEZ region
At the tissue level, Pten deletion led to a
robust increase in GFAP™ cells (Fig. 3a,
second right) in the SEZ. Cells with hyper-
phosphorylation of S6 (P-Se6) (Fig. 3a,
third right) and AKT (P-AKT; supplemen-
tal Fig. 2a, available at www.jneurosci.org
as supplemental material), surrogate
markers for PTEN loss and PI3K activa-
tion that have been implicated in neuron
survival and cell cycle control (Datta et al.,
1999), could be easily visualized in the
same region. GFAP expression and num-
bers of GFAP " cells did not appear differ-
ent from controls in neighboring struc-
tures and other parts of forebrain except
the SEZ region (data not shown), further
supporting SEZ-specific Pren  deletion.
Importantly, these P-56 ¥ cells also express
GFAP (Fig. 3a) and/or Doublecortin
(DCX), a marker for immature and mi-
grating neuroblast progenitors (supple-
Fig. 2b,
jneurosci.org as supplemental material),
suggesting that PTEN loss or PI3K-AKT
activation leads to the expansion of adult
NSC and progenitors in SEZ region.
Consistent with NSC expansion, the
volume of the mutant SEZ is significantly
increased when compared with controls
(Fig. 3b) (0.021 £ 0.0011 vs 0.032 = 0.008
mm°® * SEM; p = 0.01), which was accompanied by a greater
number of Ki-67 © (Fig. 3¢) (6832.12 = 231.8 vs 8376.98 = 122.8
cells = SEM; p < 0.01) and DCX ™ neuroblasts (Feng and Walsh,
2001). Figure 3d shows a statistically significant increase in DCX
volume in Pren™™ " GFAP-Cre* SEZ (Fig. 3d) (0.019
0.0012 vs 0.062 + 0.0064 mm?> + SEM; p << 0.01). These results
indicated that Pten null NSCs can readily proliferate and differ-
entiate into DCX " neuroblasts, the precursors for adult
neurogenesis.
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SEZ-born Pten null progenitors and their progenies follow
the endogenous migration pathway

SEZ-born progenitors are known to migrate to the OB via the
well-defined RMS. Because PTEN has been implicated in con-
trolling cell chemotaxis (Funamoto et al., 2002; lijima and Dev-

—

(Figure legend continued.) cells in the SEZ also express GFAP (¢) and Nestin (d). Orthogonal
images (ortha) show three-dimensional analysis of individual cells at specific sites marked by
intersecting x, y, and z axes. Scale bars, 20 pem. Many cells express the reporter protein 3-gal (e)
in the neurogenic proliferative regions of the SEZ. Migrating neuroblasts in the RMS (f) and
granule neurons in the OB (h) also express [3-gal. Box in g indicates the region shown in h.
Arrows in a, b, and eindicate representative Cre or B-gal-positive cells in 5EZ. SEZ, Subepend-
myal zone; LV, left ventricle; STR, striatum; RMS, rostral migratory stream; 0B, olfactory bulb;
GCL, granule cell layer; Gl, glomeruli.
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Pren deletion in dlonal neurosphere cultures enhances stem cell self-renewal and neurogenesis over long-term serial
clonal passages compared with the gradual senescence and decreased neurogenesis in wild-type cultures. a, Neurosphere cul-
tures generated from the adult SVZ of Pren knock-out (Mutant) and wild-type (Control) mice were cultured at clonal density (1000
cells/ml), passaged, and reseeded at clonal density every 2 weeks. Clonal neurosphere numbers, representative of the number of
stem cells present in the culture, were significantly higher in mutant cultures at all passages ( p < 0.001). b, The donal neuro-
spheres were then dissociated and the total cell number was counted at each passage followed by reculturing at clonal density.
After the first passage, mutant cultures consistently produced higher total cell numbers even after long-term serial clonal pas-
saging while control cultures produced decreased cell numbers with time, eventually senescing by passage 24. Data are means
SEM; n = 4. ¢, Immunocytochemistry for TUIT ™ cells (green) and the counterstain Hoescht (blue) are shown at passage 4 and 16
indicating the clonal neurospheres from mutant mice maintained their robust neurogenesis even at late clonal passages while the
ability to generate neurons was dramatically attenuated in control cultures over time. Scale bar, 60 wm.n = 4.

reotes, 2002) as well as migration (Tamura et al., 1998; Liliental et
al., 2000; Raftopoulou et al., 2004; Yue et al., 2005), we deter-
mined whether the progenies of SEZ-born Pren null progenitors
could respond to normal environmental cues and migrate into
and along the RMS. To mark the SEZ-born progenitors and
their differentiated progenies, we pulse labeled control and
mutant mice with BrdU and quantified the number of BrdU *
cells in the RMS after 5 d of chase. As shown in Figure 4a, a
significant increase in the number of BrdU * cells was found in
the mutant RMS (Fig. 4a) (22998 = 968 vs 33386 = 786 cells
per mm? * SEM; p < 0,05). Furthermore, the BrdU * cells
were also positive for P-56 staining (Fig. 4a), indicuting that
SEZ-born Pten null progenitors exhibited enhanced cell pro-
liferation but could follow the endogenous migration pathway
into the RMS.

We then tested whether the migrating Pten null progenitors
within the RMS express similar markers as controls. Neuroblasts
in mutant RMS are Pten™ (supplemental Fig. 3, available at www.
jneurosci.org as supplemental material) and DCX ™ (Fig. 4b) with
many more DCX " neuroblasts in the RMS of Pren#"*%;
mGFAP-Cre™ mice (Fig. 4b) (2642 = 126 vs 3894 = 60 cells per
mm? £ SEM; p < 0.053).

During migration, neuroblasts are restricted to the RMS
with few cells diverging from the path (Doetsch and Alvarez-
Buylla, 1996). Although it seemed that a greater number of
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mGFAP-Cre-mediated Pren deletion leads to expansion of adult neural stem cells and their progenies in vivo. Survey images of coronal sections of control and mutant SEZ. a, Compared

with littermate controls, mutant mice showed increased GFAP and P-56-positive (labeled cells which co-localized in the SEZ. DAPI counter stain is used to visualize nuclei. Scale bars: top, 150 pum;
bottom, 25 pum. b-d, Images of H&E (b), Ki-67 (¢), and DCX (d) expression demonstrate increased proliferation in mutant SEZ compared with control regions. Scale bar, 60 pwm. n = 5. SEZ,
Subependymal zone; LV, lateral ventricle; CC, corpus callosum; STR, striatum; H&E, hematoxylin and eosin; DCX, doublecortin.

cells diverged from the RMS in the Pten'™ PPy GEAP-Cre™

mice, the ratio of diverging DCX " cells to the total number of

cells in the mutant RMS was not significantly different from
that of controls (1.28 * 0.004 vs 1.36 = 0.009% of total *
SEM; p = 0.05). These results suggest that Pten null SEZ-born
neuroblasts are able to recognize environmental cues and mi-

grate along the endogenous pathway.
£ £ £ )

Deletion of Pten in adult SEZ leads to increased OB mass

Although OB granule cell neurons (GC) are continuously gener-
ated throughout adulthood, OB volume remains constant during
adulthood (Pomeroy et al,, 1990). This homeostatic stage is
achieved largely via a balance between SEZ neoneurogenesis and
cell death in the GCL of OB (Najbauer and Leon, 1995; Fiske and
Brunjes, 2001; Petreanu and Alvarez-Buylla, 2002). Measure-
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Pten deletion leads to enhanced migration of SEZ-born progenitors in RMS. a, Representative images of RM5 stained
for Brdl, P-56, and their colocalization revealed an increase in Pren null SEZ-born progenitors migrating in RMS when compared
with control and shows the BrdU ™ population in mutant RMS is Pten null. Scale bar, 100 am. b, Survey images of sagittal

ments taken from mutants and their litter-
mate controls demonstrated continuous
increases in size (Fig. 5a, upper panel) and
weight of mutant OB, starting at 2.5
months of age (Fig. 54, lower panel). This
increased size and mass of mutant OB 1s
consistent with previous reports that there
is a surge of progenitors migrating to the
OB at 3-4 months of age (Petreanu and
Alvarez-Buylla, 2002). Histological analy-
sis of mutant OB (Fig. 5b) and other brain
regions (supplemental Fig. 4, available at
www.jneurosciorg as supplemental mate-
rial) revealed normal histoarchitecture.
Because SEZ-born progenitors migrate
and integrate into the GCL of the OB, we
hypothesized that an increase in GCL vol-
ume may contribute to the increased OB
mass. Compared with control, Pren™/<;
mGFAP-Cre” GCL volume increased two-
fold at 3.5 months (Fig. 5¢, columns on the
left) (2.92 + 0.071 vs 5,60 * 0.25 mm? +
SEM; p < 0.05) while no statistically sig-
nificant differences were observed in the
external plexiform layer (EPL) (Fig. 5¢,
columns on the right) (1.19 = 0.054 vs
1.10 = 0.043 mm* = SEM; p = 0.05), a
region not influenced by SEZ-mediated
neurogenesis. To further test whether in-
creased GCL volume is due to SEZ-born
granule cells incorporated into the OB,
mice were injected with BrdU and killed at
2 h or 14 d after the last injection. These
time points were chosen to ensure that
there were no ectopic proliferating cells in
the mutant OB (2 h chase) and to allow
sufficient time for BrdU-labeled neuro-
blasts to migrate, differentiate, and incor-
porate into the outer layers of the OB (14 d
chase). BrdU © cells could not be detected
in either control or mutant OB after 2 h of
chase (supplemental Fig. 5, available at
www.jneurosci.org as supplemental mate-
rial). However, after 14 d chase there was
an approximate twofold increase in the
number of BrdU ™ cells in the GCL of 3.5-
month-old Pten o5 GFAP-Cre™
mice when compared with wild-type con-
trols (Fig. 5d) (2.92 £ 0.07 vs 5.60 = 0.25
cells = SEM; p < 0.001). These results in-
dicate that the increase in GCL volume was
not due to ectopic cell proliferation within
the OB but from an increase in the number
of cells that migrated from the SEZ to the
GCL via the RMS, We also observed a sig-

“

sections of control and mutant RMS stained with DCX
demonstrate an increase in the number of migrating neu-
roblasts in mutant RMS compared with control. DAPI
counter stain is used to visualize nuclei. Scale bar, 400
pm. n = 6. DCX, Doublecortin; RMS, rostral migratory
stream; OB, olfactory bulb.
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Olfactory bulb; GCL, granule cell layer; EPL, external plexiform layer.

ant decrease in the number of TUNEL ™ cells in the mutant
GCL 2.51 = 0.22 (control) vs 1.83 *= 0.16 (mutant) cells = SEM;
p < 0.05), indicating that OB enlargement in the mutant mice is
a net result of increased cell proliferation and decreased cell
death. Furthermore, Pten null NSC-derived granule neurons in
the GCL were positive for both P-56 and NeuN, a neuron-specific
marker (Fig. 5¢). Together, these results indicate that Pren deleted
NSCs and their progenies can follow endogenous cues along the
normal RMS and reach the OB. Within the OB, they can differ-
entiate and integrate into the GCL.

Increased OB mass and enhanced proliferation and migration of SEZ-born progenitors to the GCL of OB in mutant
mice. a, Enlarged OB of mutant mice. Photo shows a brain hemisphere from age-matched control and mutant mice. Scale bar, 1
mm. Panel below depicts the progressive increase in the ratio of mutant/control OB weight. n = 40. b, Histological analysis of 0B
section from control and mutant mice reveals normal histoarchitecture. Scale bar, 500 pum. ¢, GCL volumeis significantly increased
in mutant mice (*p < 0.05) whereas no significant change is observed in EPL  p = 0.05). Data are means = SEM; n = 10.4d,
SEZ-bom neuroblast migration was analyzed by BrdU pulse-labeling. Mice were injected with 200 ma/kg BrdU peritoneally, and
distribution of BrdU-labeled cells was determined 2 weeks after injection. An increased number of BrdU-labeled cells within
mutant GCLindicated Pren mutant mice had a significantincrease in cell number at 2 weeks post injection. Scale bar, 100 m.n =
5. e, Representative GCL images show enhanced immunoreactivity for Neul and increased Neu/P-56 double positive cells in
mutant when compared with a matched control region. DAPI is used as counterstain to visualize nuclei. Scale bar, 10 pom. 0B,

Pten PPy GEAP-Cre* mice exhibit
enhanced habituation to novel odors
The life-long neurogenesis along SEZ-
RMS-OB suggests that adult-born neu-
rons play critical roles in olfactory func-
tions (Petreanu and Alvarez-Buylla, 2002;
Winner et al., 2002): adult-born neurons
extend new processes and form new syn-

Mutant

apses with each other or with existing GC
(Cecchietal,, 2001; Petreanu and Alvarez-
Buylla, 2002), and the rates of neurogen-
esis are known to be positively correlated
with performance on memory (Nilsson et
al., 1999; Shors et al., 2001; Rochefortetal.,
2002) and o]f-.wtm‘y discrimination tasks
(Gheusi et al., 2000; Enwere et al., 2004).
To test whether SEZ-derived Pten null GCs
are functional, we performed an olfactory
behavioral test. This Odorant Habituation
Task behavioral assay measures the ability
of mice to detect a novel odorant and to
habituate in responding to that odorant
over repeated presentations (Trinh and
Storm, 2004). We found that olfactory dis-
crimination was intact in Pren/®#/o,
mGFAP-Cre™ mice since the first exposure
to an odorant resulted in an increase in the
number of sniffs from the previous trial,
proving that the mice were able to detect a
novel odor (Fig. 6a). Furthermore, mutant
mice habituate faster to a novel odorant
when compared with controls, as demon-
strated by a decrease in the number of
sniffs during the second and third expo-
sures of both isoamyl acetate and isomen-
thone (Fig. 6a, right panels). A similar pat-
tern was observed with two additional
odorants regardless of order of presenta-
tion (data not shown). In addition, when
the duration of the sniffs was measured,
Pten PP, n GFAP-Cre™ mice exhibited a
decrease in the time spent within each
odorant group compared with controls
(supplemental Fig. 6, available at www.
jneurosci.org as supplemental material). A
decrease in the time spent investigating an
odorant after repeating exposure further
implies  that  Pren™?"*P;mGFAP-Cre*
mice have an increased ability to recall,
recognize, or habituate to the odorant
when compared with control.

This enhanced odorant habituation
suggests that 1) Pten deletion in adult NSC
causes enhanced proliferation and self-renewal without interfer-
ing with the normal properties and destiny of their differentiated
progenies, and 2) Pten null granule neurons are able to integrate
into the olfactory circuitry and contribute to odor discrimina-
tion. We therefore hypothesized that perturbation of endogenous
PTEN function may be beneficial for neuronal repair and postin-
jury recovery. To test this hypothesis, mice were treated with
dichlobenil, a chemical shown to selectively destroy the olfactory
sensory epithelium (Mombaerts et al., 1996; Yoon et al., 2005) in
adult mice. In agreement with published reports, we observed a



severe destruction of the main olfactory epithelium (MOE) neu-
ronal layer in animals treated with dichlobenil when compared
with controls (supplemental Fig. 7, available at www.jneurosci.
org as supplemental material). Post dichlobenil treatment, all
mice were evaluated weekly for their ability to detect novel odors
(Odorant Habituation Test as described above). Consistent with
previous report (Yoon et al., 2005), all drug treated mice, regard-
less of genotype, lost their ability to detect odorants 2 weeks after
treatment (Fig. 6b, top panel). However, Pren'™?"P;mGFAP-
Cre” mice showed an improvement in odorant detection 4 weeks
post treatment (Fig. 6b, m[ddlepane]). MOE examination after 4
weeks of dichlobenil treatment showed comparable regeneration
of the epithelial layer in both control and mutant mice with no
significant difference in Pten (supplemental Fig. 8b, available at
www.jneurosci.org as supplemental material) or P-S6 (supple-
mental Fig. 8¢, available at www.jneurosci.org as supplemental
material) staining, indicating improved behavioral test perfor-
mance in the mutant animals is not due to enhanced regeneration
or Pten deletion in mutant MOE. By 6 weeks post treatment, the
Pten' " nGFAP-Cre™ mice had almost recovered to pre-
treatment stage (Fig. 6b, bottom panel). These results suggest
Pten null cells in the OB can establish normal connections with
peripheral olfactory epithelium and enhanced NSC self-renewal
and proliferation in Pten deleted SEZ may help OB recovery from
acute damage.

Pten deletion enhances poststroke neuroblast migration
Stroke is a common cause of neuronal damage. Seven to ten days
after the initial insult, SEZ-born neuroblasts proliferate and mi-
grate to the site of injury, contributing to poststroke neurogenesis
and recovery (Arvidsson et al., 2002; Parent, 2002; Jin et al., 2003;
Tsai et al., 2006). We tested whether Pten deletion in SEZ NSCs
could enhance neuroblast proliferation and migration after isch-
emic injury. For this, we introduced a limited stroke in the sen-
sorimotor cortex of the brain, which closely mimics the human
condition and quantified the location and number of immature
neurons with the protein marker doublecortin (DCX) (Car-
michael, 2005; Ohab et al., 2006). As reported in normal adult
mice (Ohab et al., 2006; Tsai et al., 2006), there were no DCX*
cells in the cortex of either control or Pren'™*",,nGFAP-Cre*
mice before stroke (data not shown), suggesting that Pten null
NSCs in the SEZ do not migrate to the cortex without additional
stimulation (supplemental Fig. 9, available at www.jneurosci.org
as supplemental material). Conditional Pten deletion also had no
effect on infarctsize (1.57 = 0.38vs 1.48 = 0.34 mm° = SEM; p =
0.05).

One week after stroke, DCX * cells were found in subcortical
white matter and peri-infarct cortex of both groups (Fig. 7a, left
panels). However, Pten P15 GFAP-Cre™ mice showed a la rge
and statistically significant increase of DCX ™ neuroblasts in the
peri-infarct cortex at day 7 when compared with controls (Fig. 7a,
right panels) (>4500 more immature neurons per animal in mu-
tant vs control; p < 0.001), suggesting that Pten null NSCs and
their progenies can r'endily respond to ischemic injury and mi-
grate to the damaged site. Staining of P-S6 marker further sup-
ports the idea that it is Pren null neuroblasts which contribute to
the increased DCX ™ population in the peri-infarct site (Fig. 7b).
These results indicate that PTEN is a potent negative regulator of
NSC/progenitor proliferation and neurogenesis in response to
injury.

Previous studies have shown that despite the migration of
large numbers of newly born immature neurons to peri-infarct
cortex in the first week after stroke, only a small percentage sur-
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Figure 6. Enhanced olfactory habituation and recovery after epithelium injury in
Pren® ™ mGEAP-Cre™ mice. a, b, Control and mutant mice were subjected to the olfactory
habituation test. Pretraining of wild-type control mice to a cotton swab soaked in water habit-
uated mice to the presence of the swab in their cage. This was manifested as a dedline in the
number of sniffs with subsequent exposures to the swab. During odorant testing, the cotton
swab was laced with 50 pu isoamyl acetate or 50 pm hexyl alcohol and introduced on three
successive trials. The fact that the control mice sniffed the isoamyl acetate- and hexyl alcohol-
laced cotton swabs more times than during the third exposure to the water swab indicated that
the animal was able to smell these odorants. a, Compared with control, mutant mice sniffed the
swabs less frequently in the second and third exposures (all three conditions) signifying they
habituated to the novel odorant faster than the control. n = 14 (control) and 12 (mutant).
b, Both control and mutant mice lost their ability to detect odorants at 2 weeks post
treatment, whereas the ability of mutant mice to detect odorants began recovering at 4
weeks post treatment, and their ability to detect odorants was restored to pre-treatment
levels by week 6. Data are means = SEM; n = 8.
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vive long term (Arvidsson et al., 2002; Ohab et al., 2006). To
determine if PTEN plays a role in the long-term survival and
differentiation of immature neurons in regions of damage after
stroke, we labeled newly born cells in the first week after stroke
with BrdU, and co-labeled these cells 90 d later with double stain-
ing for the mature neuronal marker NeuN. There was no differ-
ence in stereological counts of BrdU/NeuN cells between
Prten'oxe, GFAP-Cre* mice and littermate controls 90 d after



Figure7.

e, CTX, Cortex; (C, corpus callosum.

stroke (315 = 123 vs 303 = 199 cells per animal in mutant and
control = SEM, respectively; p > 0.05). This data indicate that
although PTEN plays a prominent role in the control the initial
proliferation and migration of immature neurons in poststroke
neurogenesis, it does not play an autonomous role in the survival
of these cells in the long term.

Discussion

Neurological disorders are the leading source of disability. Cur-
rently there are no treatments that promote repair and recovery
in the brain from any major neurological disorder, including
stroke, degenerative disease, and trauma. NSCs are cells that can
give rise to the major components of the brain and spinal cord,
thus attractive resources for repairing neurological disorders
(Lindvall and Kokaia, 2006). The major challenges of NSC-
mediated neuronal repair are 1) to understand the key pathways
involved in controlling NSC self-renewal, proliferation, survival

Ipsilateral

Pten deletion enhances post-stroke neuroblast migration. a, DCX labeling in peri-infarct cortex and SEZ. DCX ™ cells
incontrol and mutant 7 d after stroke. Right panel shows stereological quantification of DCX ™ cells in peri-infarct cortex. Scale
bars: top, 100 pum; bottom, 25 pem. i = 6. b, Representative images of P-56 staining from both hemispheres of mutant mouse.
Left panel shows hemisphere containing peri-infarct cortex which has increased staining for p-56 in peri-infarct cortex when
compared with uninjured cortex in the same animal (right panel). DAPI is used as counterstain to visualize nuclei. Scale bar, 50

and differentiation, 2) to develop method-
ologies for manipulating these pathways
toward therapeutic use, and 3) to test the
potential benefit of NSCs and their proge-
nies in human disease-relevant model sys-
tems before being used on human
patients.

In this study we demonstrated that de-
letion of Pten in adult NSCs is not tumor-
igenic but promotes NSC expansion.
Progeny from Pten null NSCs follow the
endogenous migratory cues, differentiate,
and integrate into the existing circuitry.
Under conditions of acute damage, such as
olfactory epithelium ablation, animals
with Pten NSC deletion exhibited faster re-
covery. These data suggest that condi-
tional manipulation of the PTEN/PI3K
pathway in NSCs may be beneficial for
NSC expansion, proliferation, and sur-
vival, in turn, promoting recovery and the
integration of newly born neurons to ex-
isting or damaged neuronal networks as-
sociated with constitutive neurogenesis.

Stem cell self-renewal is known to be
regulated by different signaling pathways,
but the effect of a specific pathway may
depend on the developmental stage or lin-
eage of a stem cell population. For exam-
ple, deletion of p21 in adult neural stem
cells results in a transient increase in neu-
rospheres formation with a subsequent
decline in stem cell numbers; a phenome-
non known as stem cell “exhaustion”
(Kippin et al., 2005). Although, in a similar
manner, PTEN loss leads to the “exhaus-
tion” of adult hematopoietic stem cells
(Yilmaz et al., 2006; Zhang et al., 2006; and
our unpublished observation), condi-
tional deletion of Pren in both embryonic
and adult NSC promotes a sustained self-
renewal and stem/progenitor expansion
(Groszer et al., 2006; Groszer et al., 2001;
and this study). Significantly, we observed
that the mutant cultures maintain an en-
hanced self-renewal, proliferation/sur-
vival rate, over extremely long-term ex-
pansion times under clonal conditions, suggesting that the role of
PTEN in regulating stem cell activity may be modulated by fac-
tors specific to the neural stem cell lineage. Therefore, further
study of these lineage- or developmental stage-specific mediators
of self-renewal pathways will be increasingly critical for our un-
derstanding of the underlying mechanisms of stem cell self-
renewal and therapeutic manipulations.

In the current study, we demonstrated enhanced and pro-
longed neurogenic capacity in clonal cultures of Pten-deleted
neural stem/progenitor cells compared with wild-type controls.
In our first report of Pten mutant embryonic progenitors, we did
not expand cultures for prolonged periods of time, and therefore
did not observe this phenomenon. However, more recently, in an
experiment using serial passaging of embryonic progenitors, we
also observed similar results to those reported here. Although
Pten deletion promotes neuronal survival, we do not think that



this effect, in and of itself, accounts for the observed enhance-
ment in neurogenesis, as the observed enhancement in neuronal
production appears similar between Pten deleted and wild-type
neurospheres at early passages as well. It is possible that Pren
deletion in some way promotes a neuronal cell fate to some extent
but this is not necessarily at the expense of glial ditferentiation.
Instead, we view the enhanced maintenance of neurogenesis as
being largely due to the fact that Pten deletion is allowing for the
maintenance of a multipotent stem cell-like pool that retains
neuronal competence, whereas multiply passaged wild-type cul-
tures do not maintain stem cells production, and become en-
riched for glial restricted precursors (Bhattacharyya and Svend-
sen, 2003; Jain et al., 2003; Seaberg et al., 2005).

Our previous studies and those by others demonstrated that
Pten deletion in the embryonic brain leads to abnormal histoar-
chitecture with severe layering defects (Backman et al., 2001;
Groszer et al., 2001; Marino et al., 2002; Yue et al,, 2005). How-
ever, as Pten deletion happens in nearly 100% of the neural stem/
progenitor cells, it is unclear whether the abnormal phenotypes
observed are caused by intrinsic migratory defects of Pten-null
neurons, extrinsic microenvironmental cues provided by Pren
null radial glia, or perhaps both (Groszer et al., 2001). In this
study, we demonstrated that in the presence of wild-type envi-
ronmental cues, Pren null adult NSCs and their progenies can
follow the endogenous migration pathway, undergo differentia-
tion, and reach their normal target. This result is consistent with
a previous study on Pten heterozygous mice showing that
Pten*’” cells migrated to the outer layers of the OB more rapidly
and incorporated at the same sites as Pten™ cells (Li et al.,
2002). Therefore, the extrinsic microenvironment cues plays a
more predominant role in controlling the migratory behavior of
SEZ-derived Pten null NSCs and their progenies.

Nearly 90% of the GCs in the OB are SEZ-derived and incor-
porated postnatally, and their survival depends on incoming ac-
tivities (Rosselli-Austin and Williams, 1990; Brunjes, 1994). GCs
are also known to extensively shape mitral cell response to odors
(Yokoi et al., 1995), and there is evidence that the OB circuitry
maximizes differences in odor representations (Friedrich and
Laurent, 2001; Dulac, 2005). Animals carrying a mutation in the
cyclic nucleotide gated channel are not able to transduce the sig-
nal from the olfactory receptors in the olfactory neurons (Baker
et al., 1999) and have smaller GCL volume and OB mass (Pe-
treanu and Alvarez-Buylla, 2002). The lack of electrical activity in
the OB of these mice dramatically reduced the survival of newly
generated neurons of the GCL, suggesting that peripheral olfac-
tory epithelium plays a critical role in the survival of GCL neu-
rons in the OB (Petreanu and Alvarez-Buylla, 2002). Our results
showed that PTEN loss in SEZ NSCs leads to an increase in GCL
volume and OB size as well as an improvement in olfactory func-
tion, suggesting that the Pren null SEZ-derived GCL neurons are
able to integrate into the existing circuitry, receive electrical input
from olfactory epithelium and are thus functional. Because olfac-
tory ablation/repair is a multifactor-dependent process, we can-
not rule out that mechanisms other than Pten null granular cells
in the OB also contribute to the faster recovery observed in our
study. Since Pren conditional deletion in adult NSCs also en-
hances the recovery of olfactory function after ablation of olfac-
tory epithelium, our data suggest an important role for SEZ-
derived neurons in reestablishment of the connection between
OB and olfactory epithelium during acute damage via a currently
unknown mechanism.

SEZ-born progenitors are known to play a role in postisch-
emic injury recovery (Ohab et al., 2006). In a stroke-injury

model, Pten conditional knock-out animals showed a robust in-
crease in cell proliferation and DCX " neuroblast migration from
the SEZ over long distances to the peri-infarct cortex, suggesting
Pten null neuroblasts are responsive to chemotactic stimulation
and can migrate to the injury site. Although the SEZ DCX volume
did not increase in Pten conditional knock-out mice poststroke
when compared with non-stroke animals (supplemental Fig. 10,
available at www.jneurosci.org as supplemental material), the
significantly enhanced proliferation and migration of Pten null
neuroblasts to the peri-infarct cortex suggested that Pren null
neuroblasts are primed for the signals that induce poststroke neu-
rogenesis. Pten deletion might have been expected to promote
neuroblast survival as it potentiates the action of the PI3K/Akt
pathway, a common downstream signaling pathway for many of
the neural stem cell survival and differentiation growth factors
(Greenberg and Jin, 2006). Interestingly, Pren conditional dele-
tion in these neuroblasts is not sufficient to promote their long-
term differentiation/survival and functional integration once
they have migrated into peri-infarct cortex. Thus, in addition to
soluble growth factor signaling, the cellular environment of the
peri-infarct cortex may exert an important degree of control over
cell survival in newly born neurons after stroke.

Stem cell-based therapies, including the promotion of endog-
enous neurogenesis or transplantation of stem/progenitor cells,
are limited in large part by the death of the progenitor pool
(Goldman, 2005). In poststroke neurogenesis, despite a robust
generation of newly born neurons, ninety percent of them even-
tually die (Ohab et al., 2006). After stem/progenitor transplanta-
tion, a similar result is seen in which most transplanted cells die or
fail to differentiate. The differential roles of PTEN defined in the
present study highlight the key differences between constitutive/
normal and injury-induced neurogenesis. PTEN inactivation
alone is sufficient to promote a significant increase in neurogen-
esis, neuronal survival and improved function in the olfactory
bulb but insufficient to promote long-term survival after stroke.
Although both poststroke and normal neurogenesis involve
growth factor signaling within glial and vascular niches (Nilsson
et al., 1999; Teramoto et al., 2003; Ohab et al., 2006; Hagg, 2007;
Puche and Baker, 2007) poststroke neurogenesis requires addi-
tional, likely, cellular signals that are independent of the common
PI3K-AKT-mediated growth factor signaling pathway. In design-
ing successful stem cell based therapies it will be important to
determine both the molecular and cellular constituents that sup-
port survival and differentiation of stem cell progenies.
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