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Abstract
Reactive Oxygen Species Signaling and Hypoxia-Independent Regulation of HIF1a in
Sonic Hedgehog-Driven Medulloblastoma and Cerebellar Progenitor Proliferation

By Nicholas Eyrich

Medulloblastoma (MB) is the most common solid pediatric malignancy of the central
nervous system. These tumors arise in the cerebellum and can be molecularly subdivided
into 4 consensus subgroups, one of which is marked by amplification and activation of
Sonic hedgehog (Shh) pathway components and downstream targets. This subclass is
proposed to arise from oncogenic transformation of cerebellar granule neuron precursors
(CGNPs), whose expansion during post-natal brain development is driven by and requires
Shh pathway activation. CGNP cultures offer an excellent model system for studying
Shh-driven MB, given its similarities with normal cerebellar development. Ex vivo tumor
slice cultures also allow us to study MB cellular processes and pharmacological
interventions with enhanced physiological relevance since tumor architecture and cell-
cell interactions are preserved.

In addition to mitogens driving proliferation, it has been shown that low levels of
intracellular reactive oxygen species (ROS) are required for proliferation through a
myriad of mechanisms. In other cancers, increased ROS levels have been shown to affect
other signaling events including the stabilization of Hypoxia-Inducible Factor-1-Alpha
(HIF1a) by interfering with prolyl hydroxylase’s ability to tag HIF1a for VHL-mediated
degradation. HIF1a, in addition to its oxygen-sensing role, has been implicated in the
Warburg effect, which causes an increase in glycolytic activity and relative decrease in
oxidative phosphorylation in oftentimes normoxic cancer cells. The current literature and
preliminary studies led us to investigate potential sources of ROS within the NADPH
Oxidase (Nox) family of proteins and possible consequences involving HIFla
downstream of Shh. We’ve shown that HIFla is stabilized following Shh pathway
induction, and under normoxic conditions, Nox activity is required to maintain a
minimum level of ROS. Taken together, our findings suggest an axis mediated by Nox-
generated ROS that helps understand hypoxia-independent regulation of HIFla in Shh
medulloblastoma that could be contributing to tumor recurrence.
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Introduction & Background



MEDULLOBLASTOMA CLINICAL CHARACTERISTICS

Medulloblastoma (MB) is the most common solid pediatric malignancy of the
central nervous system (CNS). MBs/primitive neuroectodermal tumors (PNETs) account
for nearly 25% of pediatric CNS neoplasms (9-12). The current standard of care consists
of surgery, chemotherapy, and craniospinal radiation. This harsh regimen results in a
“cure” rate of approximately 70%, but survivors are beset with permanent, long-term side
effects, including cognitive impairment, seizures, premature aging, and susceptibility to
cancer (13). Identification of novel molecular targeted therapies is critical for the
improved quality of life of survivors and reduced incidence of recurrence, which is lethal
in medulloblastoma patients.

Medulloblastomas arise in the posterior fossa, or cerebellum (Fig. 1A), and can be
divided into 4 genetically and histologically distinct subclasses (14). As noted in Fig. 1B,
certain subgroups are marked by up-regulated expression of Sonic hedgehog (SHH) or
Wnt pathway targets, and others are marked by amplification of c-myc (Group 3) or

elevated expression of OTX2 and the presence of isochromosome 17q (Group 4).

Approximately 30% of all cases of medulloblastoma belong to the SHH subclass
and has a specific prevalence among different age groups, as seen in Fig. 2 (2). In
particular, MBs occurring in the youngest group mostly belong to the Shh subclass. Thus,
elucidating processes underlying early cerebellar development and aberrant SHH
signaling are crucial in understanding medulloblastoma formation and developing

minimally-invasive targeted therapies.
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Figure 1. Medulloblastoma (A) and its Molecular Subgroups (B): Medulloblastoma can be
subdivided into the following subgroups based on respective genetic, prognostic, histologic,
demographic, and gene expression signatures. This table includes affiliations with published papers
related to medulloblastoma molecular subgrouping. Figure kindly borrowed from (2).
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Figure 2. Frequency of Each Molecular Subgroup of Medulloblastoma: Approximately 60% of
MB cases in infants (<4 years of age) bear the SHH molecular signature. This graph illustrates how
different subclasses of MB more commonly arise in certain age groups. Figure kindly borrowed from
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CEREBELLAR DEVELOPMENT AND SHH MEDULLOBLASTOMA

In mice and humans, cerebellar development predominantly takes place
postnatally (15). In the developing cerebellum, cerebellar granule neuron precursors
(CGNPs), neural progenitors arising in the thombic lip, are the proposed cells of origin
for SHH driven MB (16-18). At birth, the cerebellum consists of three layers: the external
granule layer (EGL) where CGNPs first reside, the molecular layer (MOL) where
Purkinje neurons localize, and the internal granule layer (IGL), where CGNPs ultimately
translocate. Shh is secreted by the Purkinje neurons (Fig. 3A), which is required for
CGNPs to undergo rapid proliferation in the EGL before migrating through the MOL to
the IGL, where they terminally differentiate and mature into glutamatergic interneurons
(19, 20). In CGNPs, Shh ligand binding occurs at the 12-transmembrane domain receptor
Patched (Ptch). In the absence of Shh, Ptch inhibits Smoothened (Smo), which is a 7-pass
transmembrane protein. Shh binding to Ptch then releases Smo, resulting in Shh pathway
activation and nuclear translocation of Gli family transcription factors (Fig. 3B). This
activates target genes in CGNPs that drive proliferation and inhibit differentiation (18,
21, 22).

Conveniently, primary CGNPs derived from perinatal day 5 (P5) mice can be
cultured and treated with exogenous Shh and insulin-like growth factor-2 (IGF2) to
promote their survival and keep them in a proliferative state for approximately 72 hours.
This system provides a powerful tool for isolating and studying Shh mitogenic signaling
and interactions with other pathways (23, 24) including IGF, which cooperates with Shh

at multiple levels during normal cerebellar development and in medulloblastoma (25-27).



Figure 3. Shh Signaling in Post-Natal Development of The Cerebellum: (A) CGNPs originally
reside in the EGL and undergo Shh-dependent rapid proliferation. Shh is produced by Purkinje
neurons in the MOL. CGNPs then translocate to the IGL, where they differentiate into glutamatergic
interneurons. Borrowed from (4). (B) A schematic of Shh ligand binding and a brief outline of
downstream effectors. Figures kindly modified from (8).



CGNP cultures allow for the in vitro study of aberrant Shh signaling that takes place in
MB formation and could foster identification of potential therapeutic targets downstream
of Shh.

Additionally, we can reliably recapitulate Shh MB in mice. These genetically
engineered mice, referred to as SmoA1 mice, express a constitutively active Smoothened
allele under the control of the NeuroD2 promoter (28, 29), thereby activating aberrant
Shh signaling in the developing mouse cerebellum. We also possess a sophisticated
SmoA1 mouse model coupled with the Math1-Green Fluorescent Protein (GFP) reporter,
allowing SmoA1 tumor cells to expressing GFP, which facilitates resection and allows
for clear visualization of metastasis (see materials & methods).

As mentioned, Shh has been shown to cooperate with the IGF pathway, which
occurs through regulation of insulin receptor substrate 1 (IRS1) and the kinase
mammalian target of rapamycin (mTOR), which drive CGNP proliferation and promote
Shh medulloblastoma cell survival (30-33). Of note, mTOR is involved in many cellular
functions, including ribosomal biogenesis, nutrient metabolism, early neuronal
development, and integration of signals from a myriad of cellular factors (34-37). Shh
regulates IRS1 stability which promotes IGF-mediated activation of mTOR in Shh
medulloblastoma (8, 27, 38, 39). Therapeutic strategies targeting mTOR in
medulloblastoma patients have also been explored and shown to be promising (40).
Furthermore, Shh promotes activity of eukaryotic initiation factor 4E (eIF4E) to increase
mRNA translation in CGNPs (41), adding to their proliferative capacity. Additionally,
Shh mitogenic signaling is involved in metabolic reprogramming of proliferating CGNPs

and SmoA|1 tumors. In congruence with the Warburg effect, increased levels of glycolytic



enzymes have been observed in both systems (42, 43) accompanied by an increase in

lipogenesis (41).

HYPOXIA INDUCIBLE FACTOR-1-ALPHA IN MEDULLOBLASTOMA AND
ITS HYPOXIA-INDEPENDENT REGULATION

Hypoxia Inducible Factor-1 (HIF-1) is a heterodimeric helix-loop-helix
transcription factor which acts as a master regulator of gene expression in response to
tumor oxidative stress across a broad array of cancers (6, 44, 45). Transcriptionally active
HIF-1 consists of an oxygen-regulated alpha subunit, and a constitutively expressed beta
subunit (46).

HIF-1-driven gene expression has been extensively studied in cancer and
regulates oxidative stress-induced metabolic reprogramming (increased glycolysis),
stemness, angiogenesis, cell survival, invasion, metastasis, and therapy resistance (47-
53). The degradation of Hypoxia Inducible Factor-1-Alpha (HIF1a) is the rate-limiting
step in HIF-1 activation (Fig. 4A), and its stabilization has been an attractive area of
research and a target for the development of novel cancer therapies (54, 55). Increased
HIF1a expression is correlated with poor prognosis among a variety of malignancies
(Fig. 4B). HIF 1 a has also been shown to play a role in radiation resistance of MB and
other cancers, specifically in the tumor perivascular niche (PVN) where tumor stem cells
responsible for driving recurrence reside (56-62).

Conventionally, HIF1a is degraded under normoxic conditions. In the presence of
adequate oxygen levels, prolyl hydroxylases (PHDs) hydroxylate HIF1a at two proline

sites (P402 and P564). Hydroxy-HIF1a is then sequestered and marked for proteasomal



degradation by the Von Hippel-Lindau (VHL) complex, a tumor suppressive E3 ubiquitin
ligase (3, 46). HIF 1a is stabilized under hypoxic conditions when its hydroxylation-
driven degradation is inhibited. Upon stabilization, it translocates to the nucleus where it
complexes with HIF1f and coactivators P300/CBP at the hypoxia responsive element
(HRE; consensus sequence: G/ACGTG ) to induce expression of cellular reprogramming
genes mentioned previously. HIF1a also promotes expression of PHDs as part of a
negative feedback loop, which in turn marks HIF 1a for degradation upon return to
normoxia (63).

As is the case in other cancers, HIF 1o presented as an attractive area of
investigation within the Shh subclass of MB given its known pro-proliferative/survival
signaling as well as its role in early mammalian development and cancer-promoting
metabolic reprogramming. Our preliminary data indicate that HIF 1a is upregulated in
MB tumor tissue compared to the neighboring normal cerebellum (CB) at the protein
level, (Fig. 5A), but not at the mRNA level (Fig. 5B). In accordance, in vivo treatment of
SmoA1 tumor-bearing mice with a brain-penetrant mTOR inhibitor, CCI-779
(temsirolimus; Wyeth-Ayerst/Pfizer), increased their survival (data not shown) and
resulted in a decrease in HIF1a levels and downstream glycolytic enzymes (Fig. SA).
Interestingly, mTOR has been implicated in tumorigenic responses to oxidative stress and
shown to regulate HIF1a translation leading to metabolic reprogramming and cancer
survival/progression (64-67). Additionally, diminishing HIF1a levels by mTOR
inhibition further suggests that regulation of HIF1a stability in Shh-driven MB occurs

post-transcriptionally.
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and of subsequent glycolytic enzymes. (B) qPCR analysis of HIFla gene expression in CB (blue)
compared to MB (red) from SmoA1l mice. N=3. (Bobby Bhatia, Kenney Lab, Unpublished data).
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Follow-up studies in the Kenney lab aimed to characterize HIF1a localization
within SHH MB and its conferral of adaptive characteristics. Interestingly,
immunofluorescence of SmoA1 tumor sections revealed colocalization of HIF1a and
nestin-positive neural stem-like cells within the MB PVN (Fig. 6A). This subset of cells,
as previously described, has been found to resist radiation and drive lethal tumor
recurrence. We also observed concurrent expression of PHD2 and PHD3 in the MB PVN

(Fig. 6B-6C, respectively), which are known to be upregulated by HIF 1 a as it attempts
to mediate its own degradation.

With these seminal findings, we then investigated whether the observed up-
regulation of HIF1a in SmoA1 tumors is downstream of Shh signaling using our in vitro
CGNP model system. Exogenous administration of Shh to CGNPs, the putative cells of
origin for Shh MB, mimics the signaling events that take place in early tumor formation.
Notably, our preliminary studies found that constitutive Shh pathway signaling in CGNPs
resulted in increased levels of HIF1a at the protein level (Fig. 7A) but not at the mRNA
level (Fig. 7B). Similar to the MB tissue experiments described earlier in Fig. 5,
inhibiting mTOR (mTORC1) with rapamycin diminishes HIF1a protein levels (Fig. 7C),
which supports Shh-induced HIF 1a stabilization being a post-transcriptional process.
Furthermore, Shh-induced HIF1a is transcriptionally active, as there is increased
glycolysis and expression of angiogenic factors such as vascular endothelial growth
factor (VEGF) (41). At this point, the Kenney lab had gathered striking evidence of Shh-
dependent HIF 1a activity under oxygen-rich microenvironments, in the MB PVN and
CGNP culture (actually hyperoxic compared to physiological standards). In both model

systems, up-regulation of prolyl hydroxylases accompanies HIF1a induction, but we have
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been unable to detect HIF1a hydroxylation using a number of methods, indicating that
Shh-dependent HIF 1 a stabilization in Shh-treated CGNPs and MB may be a result of
inhibition of PHD activity. This drove forth experimentation to unravel the possible
hypoxia-independent mechanisms that could be interfering with hydroxylation of HIF1a,
conferring its stability and transcriptional activity in Shh MB and its Shh-driven

precursors.

Figure 6. HIF1a Expression in the Medulloblastoma Perivascular Niche: (A)
HIF1a co-localizes with nestin-positive cells, and its targets PHD2 (B) and PHD3
(C) are also found in the PVN. Scale Bar = 50 um. N=3. (Bobby Bhatia, Kenney
Lab, Unpublished data).
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Figure 7. HIF1a Protein Levels Increase in Shh-Treated CGNPs in an mTOR-dependent Manner:
(A) Immunoblotting showing HIFla up-regulation in Shh-treated CGNPs. (B) qPCR quantification
showing insignificant HIF1o mRNA up-regulation (Red) (Glil, blue). (C) Rapamycin treatment (10nM)

reduces HIF1a levels in Shh-treated CGNPs. N=3. (Bobby Bhatia, Kenney Lab, Unpublished data).
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REACTIVE OXYGEN SPECIES (ROS) IN CANCER AND HIF1a REGULATION

Reactive oxygen species (ROS) are highly reactive molecules or radicals that
have one unpaired electron in their outermost shell. They can be assigned to one of two
groups: free oxygen radicals or non-radical ROS, with superoxide (Oz*") and hydrogen
peroxide (H202) being the most well-known, respectively (5). ROS are commonly
generated by the cell as a metabolic byproduct and generated for different reductive
processes. ROS signaling events have been reported to influence various acquired
characteristics (Fig. 8) across a wide range of cancers including, but not limited to, tumor
stemness, cell morphology, proliferation, motility, survival, metabolic reprogramming,
cell-cell adhesion, and angiogenesis (5, 68-72).

In preliminary studies, we cultured CGNPs in the presence of Shh plus the ROS
inducer tert-Butyl hydroperoxide (tBHP) or the ROS scavenger lipoic acid (LA). Using
Ki67 immunostaining to detect proliferation we found that ROS induction increased
proliferation in Shh-treated CGNPs whereas ROS inhibition reduced levels of
proliferation (Fig. 9). ROS homeostasis has also been shown to be an intricate and highly
regulated process in the maintenance of tumor stem cells (73, 74), further suggesting that
ROS could be playing a role in Shh-treated CGNP HIF1a stability and potentially
influencing tumor cell stemness in the MB PVN.

In conjunction with our previous findings that Shh acts upstream of HIF1q, it has

been shown that PHDs can be inhibited by ROS, from the mitochondria in particular,
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Ki67 in CGNPs treated with Shh, plus tBHP (ROS inducing agent) or the antioxidant lipoic acid (LA);
N=1. (Chad Potts, Kenney Lab, Unpublished data).
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leading to HIF1a stabilization (Fig. 10) independent of hypoxia (75-81). PHD-mediated
hydroxylation of HIF 1a requires ferrous iron (Fe?"), and elevated ROS within the cell
favors the conversion to ferric iron (Fe*"), which hinders signaling for degradation (7).
ROS has also been implicated in tumor angiogenesis via VEGF and a metabolic shift
toward glycolysis, both being established processes linked to HIF1a transcriptional
activity (82, 83). Taken together, these observations suggest a role for ROS signaling in
Shh-driven CGNP proliferation and medulloblastoma, and that this role could include

HIF 1« stabilization.

NADPH OXIDASES: KEY SOURCES OF ROS IN CANCER

The NADPH Oxidase (Nox) family of transmembrane proteins are potential
regulators of PHD-inhibiting ROS within Shh MB given their well-established enzymatic
production of cellular ROS and the extensive literature describing them as essential
modulators of signal transduction across various cell types (84, 85). Examples of
signaling pathways modified by Nox-derived ROS include hormone synthesis, redox
signaling, host defense mechanisms (phagocytes), cellular matrix modification and others
that have yet to be characterized (1, 86). As previously mentioned, ROS production can
occur as a metabolic byproduct, but the Nox family of proteins uniquely produce ROS as
their primary function (86). Currently, 7 Nox homologues have been identified in
humans, they vary in the amount/type/timing of ROS production and their organ-specific
expression (1).

Nox4 (Fig. 11A) is the only member of the Nox family to display constitutive

activation (87-89). Although Nox4, like other members of the Nox family, does interact
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Figure 10. Mitochondrial ROS Can Lead to HIF1a Stabilization by Interfering with PHDs: Under
normoxia, basal ROS levels and adequate oxygen allow for HIF 1o hydroxylation/degradation. Increased
ROS favors iron in the ferric state, thus promoting HIF1a stability. Reducing ROS by mitochondrial
inhibition (MI) leads to increased HIFla degradation even under hypoxia. Of note, this process is not
static as basal cell metabolic demands combined with the degree and duration of hypoxia the come into
play as well. Figure kindly borrowed from (7).

with the transmembrane coactivator p22phox, its ability to produce ROS is uniquely not
altered by point mutations p22phox’s proline-rich region that block binding (90). The
increase in NADPH levels that generally accompanies actively proliferating cancer cells
made Nox4 of interest to us in the context of Shh-driven MB. A qPCR screen of
literature-based ROS-related candidate genes in Shh-treated CGNPs displayed a marked
increase in Nox4 gene expression (Fig. 11B), which persuaded us to continue to pursue
Nox4.

Follow-up studies indicated that Shh upregulates Nox4 in CGNPs in a Smo-
dependent manner (Fig. 12A), and there is a notable increase of Nox4 protein in MB
compared to neighboring normal cerebellar tissue (Fig. 12B). Of note, PHD inhibition/
HIF1a accumulation resulting from Nox activity has been studied in other cancer models

(91). Extensive work has been done analyzing the relationship between Nox4 and HIF1a-
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driven tumor progression (84, 85, 92, 93). We became very interested in investigating a
therapeutically relevant relationship between Nox4 and HIF 1a because of their
concomitant upregulation downstream of Shh; Nox4 and HIF1a have both been found in

the tumor vasculature (94), and the link between the two remains poorly understood in

Shh-driven medulloblastoma.
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Figure 11. Nox4 Structure and Screen of Potential ROS-Promoting Genes in Shh-Treated
CGNPs (A) The enzymatic composition and mechanism of action of Nox4. Figure kindly borrowed
from (1) (B) qPCR of ROS-related candidate genes indicating a significant increase in Nox4 expression
in CGNPs receiving exogenous Shh. Vehicle treatment: light green; Shh treatment: dark green. N=1.

(Chad Potts, Kenney Lab, Unpublished data).
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Figure 12. Elevated Levels of Nox4 Protein in Shh-Treated CGNPs and Mouse MB: (A) Immunoblot
analysis showing that Shh signaling in CGNPs results in upregulated Nox4 protein levels. After treating
with Shh, inhibition of the pathway using the Smo antagonist cyclopamine restored Nox4 levels back to
similar levels as vehicle-treated CGNPs. (B) Immunoblot analysis demonstrating elevated Nox4 protein
levels in SmoAl tumor tissue compared to adjacent normal cerebellum. Increased Cyclin D2 protein
denotes active cellular proliferation and serves as confirmation of Shh pathway activation in CGNPs.
N=I. (Chad Potts, Kenney Lab, Unpublished data).



21

SCOPE OF THE THESIS

Given the overwhelming evidence for therapeutically targeting HIF 1a signaling in
many cancers, we wanted to understand how HIF 1a is regulated in Shh medulloblastoma.
Our preliminary findings, complemented by the current literature, strongly indicate that
Shh-induced HIF la oncogenic signaling in CGNPs and SmoA1 tumors occurs under
normoxia and results in increased transcription.

We hypothesize that inhibition of PHD activity, resulting in hypoxia-independent
HIFla stabilization and transactivation, is regulated by Nox-produced ROS in Shh-
treated CGNPs and in the Shh medulloblastoma perivascular niche. This thesis addresses
our hypothesis by: (i) recapitulating prior findings from the Kenney lab outlined above to
attest to their reproducibility and build statistical strength; (ii) optimizing a ROS assay to
quantify intracellular ROS levels following constitutive Shh signaling or other
pharmacological intervention; and (iii) testing if sequestering ROS and/or inhibiting Nox
production of ROS restores hydroxylation and degradation of HIF 1o downstream of Shh.

This work elucidates a possible mechanism by which CGNP oncogenic
transformation occurs as a result of aberrant Shh signaling, and begins to unravel HIF1a
regulation in the medulloblastoma PVN, where radiation-surviving and tumor-

repopulating stem cells reside.
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Animal Studies

Harvest of cerebellar granule neuron precursors from neonatal mice and
preparation of cerebella and tumor tissue from wild-type and mutant mice for cell culture
or histological analysis were carried out in compliance with the Emory University
Institutional Animal Care and Use Committee guidelines. NeuroD2-SmoA1 mice were
provided by Jim Olson (Fred Hutchinson Cancer Research Center), and bred in house.
SmoA1 mice were crossed with Math1-GFP mice to produce SmoA1-GFP genetically
engineered mice. The tumor bearing SmoA 1 mice used in this study were males and
females 4-6 months of age. The wild-type neonatal mice used to collect CGNPs were not

discriminated based on sex.

Cerebellar Granule Neuron Precursor Culture

CGNP cultures were conducted as previously described (19). Cells were plated on
poly-DL-ornithine (Sigma) pre-coated plates. Where indicated, Shh was used at a
concentration of 3 pg/mL and cyclopamine (R&D Systems) was used at 1 pg/mL. Cells
were seeded in 10% FBS N2 media for two hours before being switched to serum-free
N2 media. Where indicated, Apocynin, N-acetyl-L-cysteine (NAC), or Glutathione
(GSH) was administered after 24 hours in serum-free media at the stated concentration
for the given duration. Notably, due to NAC’s short half-life, it was supplemented every

6 hours during treatment.
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Protein Collecting and Immunoblotting

Tissue samples or cells were collected, washed once with 1x PBS, then
resuspended in complete lysis buffer and whole cell lysates were generated as previously
described (19). The Bradford assay and the Coomassie plus protein assay reagent
(Thermo Scientific) were used to estimate protein concentrations. 20ug of each sample
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) on 8 or 10% gels and transferred to activated Immobilon PVDF membranes
(Millipore). Western blotting was carried out according to standard protocols. Primary
antibodies used: anti-HIF 1a (Novus Biologicals), anti-Nox4 (Abcam), anti-Cleaved
Caspase-3 (Cell Signaling), anti-cyclin D2 (Santa Cruz Biotechnology), anti-cyclin D1
(Abcam), anti-PHD2 (Cell Signaling), anti-PHD3 (Abcam), anti-Phospho-rpS6 (Cell
Signaling), anti-HKII (Cell Signaling), anti-PKM2 (Cell Signaling), anti-Sox2 (Abcam)
and anti-B-actin (Sigma). Horseradish peroxidase conjugated secondary antibodies used
were anti-mouse and goat anti-rabbit. Western blots were developed using the ECL
reagent (Thermo Scientific) and then exposing membranes to GE-Amersham

chemiluminescence film for varying periods of time to achieve optimal saturation.

Ex Vivo Organotypic SmoA1 Tumor Slice Culture

SmoA1-GFP tumors were embedded in 4% agarose and sliced on a sagittal plane
into 300um-thick slices with a vibratome (Leica VT1200S). Slices were placed on trans-
well inserts (1um pore size; Falcon, Tewksbury MA) in Neurobasal (NB) Medium
(Gibco) supplemented with B27 (Gibco), penicillin-streptomycin, N2 supplement

(Gibco), L-Glutamine (Glutamax, Gibco) and sodium-pyruvate (Gibco). The slices were
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cultured for 24 hours before administration of Apocynin, N-acetyl-L-cysteine (NAC), or
Glutathione (GSH) at the stated concentration for the given duration. NAC was
replenished every 6 hours. Tumor slices were collected at indicated time points for lysing

and western blotting as stated above.

Immunofluorescence

Immunofluorescence was performed on SmoAl tumor sections. SmoA1 Mice,
upon showing symptoms of tumor burden, received whole-body perfusion of 4% PFA
with the tumor and adjacent cerebellum processed and sectioned. Tumors were fixed
overnight in 4% PFA followed by 24 hours in 30% sucrose/1xPBS, a cryoprotectant.
Samples were frozen in O.C.T. compound (Tissue Tek, Sakura) and cut along a sagittal
plane into 6-8um-thick sections using a cryostat (Leica CM1860). 5% bovine serum
albumin (BSA)/1xPBS+0.1% Triton blocking buffer was used. Immunofluorescence on
sections was performed using standard methods. Antibodies used include: anti-HIF1a
(Abcam), anti-Nestin (Abcam), Anti-CD31 (Abcam), and donkey anti-mouse and rabbit

IgG (Life technologies).

Reactive Oxygen Species Assay

CGNPs were cultured as stated above in six-well plates. At 48 hours, CGNPs
were washed in warm 1x PBS and harvested by trypsinization (250uL of 0.05% trypsin).
10% FBS N2 media was added to stop trypsinization and cells were transferred to 1.5mL
tubes where they were washed in warm 1x PBS, pelleted, and resuspended in warm 1x

Hank’s Balanced Salt Solution (HBSS) and transferred to black 1.5mL tubes where 2uL.
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of 10uM CM-H2DCFDA solution were added to each. Samples were placed in a cell
incubator [(37 °C), high relative humidity (95%), and controlled CO: level (5%)] in the
dark for 45 min. CGNPs were resuspended by pipetting, and 200uL aliquots were added
to a black 96-well plate. Fluorescence of DCF, the activated form of CM-H,DCFDA

when it comes in contact with ROS, was quantified on a Glomax plate reader.
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HIF1a is Up-regulated in SmoA1 MB Tumors

HIF1a transcriptional activity has been extensively studied with significant
evidence indicating that its target gene expression leads to increased invasiveness,
therapy-resistance, and overall poor prognosis. Although HIF 1a transactivation is
associated with adverse patient outcomes, its role is not well understood in the context of
cerebellar development and medulloblastoma formation.

Before proceeding with an investigation of mechanisms regulating HIF 1 a stability
we confirmed a significant increase in HIF1a levels in Shh-driven MB using our
NeuroD2-SmoA 1 mouse model (see materials/methods). Tumors were resected upon
onset of symptoms in mice, typically at 4-6 months of age. SmoA 1-GFP mice (see
materials/methods) that mimic Shh MB in vivo but with tumor cells expressing GFP,
were used to reliably distinguish between MB tissue and the adjacent normal cerebellum.
Whole cell lysates were generated and western blotting was performed according to
standard methods. As expected, HIF 1a protein levels were significantly higher in
medulloblastoma tissue compared to the non-GFP expressing normal cerebellum (MB
and CB, respectively in Fig. 13). These results agreed with our preliminary studies (Fig.

5A; Fig. 12B) described earlier.
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Figure 13. HIFlo Protein is up-regulated in SmoAl MB: (A) Immunoblot analysis
indicating an increase in HIF 1 a protein levels in SmoA1 tumor tissue compared to neighboring
normal cerebellum. (B) Quantification of HIF1a levels using densitometry; Western blots were
carried out using material from 3 separate mice; N=3, Student’s t-test; **p<0.005.
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HIF1a Colocalizes with Stem Cell Markers in the MB Perivascular Niche

The tumor perivascular niche (PVN) is of particular interest when identifying
novel therapeutic strategies against MB. The PVN is extremely intricate and is home to
radiation-resistant tumor stem cells that have been shown to drive recurrence, which is
lethal in MB patients. Given HIF1a’s established role in promoting stem-like qualities in
congruence with preliminary data (Fig. 6A), we performed immunofluorescence on
fixed/frozen SmoA1 tumor sections to identify localization of HIF 1a within our MB
model. We observed positive staining for HIF1a in hypoxic areas of the tumor bulk (data
not shown) as well as around the blood vessels (Fig. 14A). Nestin-positive neural stem-
like cells localized around the vasculature as well in serial sections (Fig. 14B). Finally,
co-staining for HIFla and Nestin added confirmation that they are both present in the
PVN (Fig. 14C), an attractive therapeutic target.

These findings support previous work in the lab identifying HIF1a stabilization in
the oxygen-containing tumor PVN. Taken together, these observations backed our
hypothesis that hypoxia-independent regulation of HIF1a could be at play in the MB
PVN, provoking further investigation of HIF1a potentially playing a role in radiation-

surviving stem cell maintenance.



Figure 14. HIFla Colocalizes with Stem Cell Markers in the Medulloblastoma
Perivascular Niche: (A) Immunofluorescence (I.F.) showing HIFla positive staining (red)
around a tumor blood vessel indicated by CD31 staining (green). (B) L.F. showing neural stem
cell marker Nestin positive cells (red) around a tumor blood vessel indicated by CD31 staining
(green). (C) L.F. showing HIF 1a positive staining (red) within and surrounding Nestin-positive
cells of the PVN (green). SmoA1 fixed/frozen tumor sections; N=1; Scale Bar = 50 um
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HIF1a Protein is Up-regulated in Shh-treated CGNPs

CGNPs are the putative cells of origin for the Shh subclass of medulloblastoma.
Primary culture of these cells (see materials/methods) at P5 in the presence of exogenous
Shh elegantly recapitulates the aberrant Shh signaling involved in MB initiation and
progression. This in vitro system allows us to study Shh mitogenic and oncogenic
signaling and how downstream components can contribute to CGNP transformation.
Using this system we confirmed our preliminary findings (Fig. 7A; Fig. 7C) that Shh
induces HIF 1o in CGNPs, in particular that HIF 1a levels are being regulated post-
transcriptionally. To do so, CGNPs from neonatal mice were harvested and vehicle- or
Shh-treated for 48hrs. Whole cell lysates were generated and western blotting was
performed according to standard methods (see materials/methods). CGNPs that received
Shh displayed higher levels of HIF la protein compared to vehicle-treated CGNPs (Fig.
15A). Notably, levels of PHD2/PHD?3 increased as well, which agrees with HIF1a’s
known function in driving its own negative feedback loop. Cyclin D2 is used as a
proliferation marker and confirms Shh pathway activation in CGNPs. We then proceeded
to treat CGNPs with a combination of Shh and the mTOR inhibitor rapamycin, noting a
decrease in HIF1a over time (Fig. 15B). Reduced phosphorylation of ribosomal protein
S6 (rpS6) serves as confirmation of mTOR inhibition. This finding is consistent with
previous work implying that Shh-induced HIF 1 a stabilization is a post-transcriptional

process.
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Figure 15. Hifla Protein is Up-regulated in Shh-treated CGNPs: (A) Immunoblot
showing up-regulation of Hiflo and Nox4 induced by Shh. PHD2/3 are also up in Shh-
treated CGNPs, which are conventionally up-regulated by Hifla to mediate its own
degradation. (B). Treating CGNPs with Shh followed by the mTOR inhibitor rapamycin
reduced Hifla protein levels overtime. Lack of rpS6 phosphorylation confirms mTOR
inhibition. N=1.
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Shh Induces ROS Production in CGNPs

To test the hypothesis that ROS signaling is downstream of Shh, we first
measured the concentration of ROS in CGNPs treated with exogenous Shh. We
proceeded to thoroughly optimize a ROS assay using 5-(and 6-)Chloromethyl-2',7'-
dichlorodihydro-fluorescein diacetate (CM-H>DCFDA), which had mainly been used in
cell lines. Therefore we developed a protocol for primary cell culture. CM-H>DCFDA is
a molecule that is hydrolyzed and rendered active upon entering the cell and it cannot
freely diffuse from the cell. This compound fluoresces at 520nm when oxidized by
cellular ROS. Its ability to stay within the cell avoids false signals from extracellular
ROS. With a standard curve generated by adding known quantities of hydrogen peroxide
to cells prior to CM-HoDCFDA administration, we were able to measure changes in ROS
concentration among CGNPs under different culture conditions.

Using this assay, we have consistently observed increased levels of ROS on the
scale of several hundred nanomolar following Shh treatment and a reduction in ROS
production to control levels with the addition of cyclopamine, a Smo-dependent Shh
pathway inhibitor (Fig. 16). Combined with previous data, ROS induction resulting from
Shh signaling follows the same pattern as HIF1a protein levels, thus strengthening the
claim that ROS could be involved in its stabilization. This assay is a very powerful tool

moving forward with our ROS-mediated HIF 1a stabilization hypothesis.
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Figure 16. Shh Induces ROS Production in CGNPs: ROS assays were performed on
CGNPs using CM-H,DCFDA, a molecule that fluoresces after coming in contact with

intracellular ROS. Shh treatment of CGNPs induces a significant increase in ROS levels
compared to vehicle and Shh inhibition using cyclopamine. N=1. *p<0.05
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Antioxidant-Mediated Sequestering of ROS Reduces HIF1a Protein Stabilization in
Shh-treated CGNPs and in SmoA1 Medulloblastomas Ex Vivo

With evidence linking Shh to higher levels of intracellular ROS production in
CGNPs, we decided to scavenge these radicals using the very common antioxidant N-
acetyl-L-cysteine (NAC) in vitro and ask if HIF 1a was destabilized. CGNPs from
neonatal mice were cultured in the presence or absence of exogenous Shh (see
materials/methods) in serum-free medium for 24 hours before NAC (10mM) was added
and replenished every 6 hours for the indicated time points. All cells were collected,
lysed, and analyzed via western blot. Shh treatment alone showed expected high levels of
HIF1la and Cyclin D1 protein, but levels of both diminished with NAC treatment over
time (Fig. 17A). Furthermore, we applied this pharmocological method to our ex vivo MB
slice culture system to gain more tumorigenically relevant insight. NAC was
administered just as in CGNPs and doing so resulted in similar decreases in HIF1a and
Cyclin D1 protein by western blotting as well (Fig. 17B).

Additionally, we performed the same experiments using a different antioxidant
Glutathione (GSH) at a concentration of SmM. We observed a similar drop in HIF1a and
cyclin D1 in CGNPs treated with Shh and GSH (Fig. 18A). This trend was also seen in
MB tumor slice culture as well (Fig, 18B). These data continue to support the involvment

of ROS signaling in HIF1a hypoxia-independent regulation.
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Figure 17. Immunoblot Analysis Following ROS Scavenging using NAC in Shh-Treated
CGNPs and SmoA1l Medulloblastomas Ex Vivo: (A). CGNPs were treated with NAC
(10mM) alongside Shh for 6 and 12 hours. NAC was supplemented every 6 hours. Note
decreased HIFla levels after ROS depletion. (B). 300pum-thick SmoA1l tumor slices were
cultured in NB-B27 medium and also treated with NAC (10mM) for 6 and 12 hours with
drug replenishment every 6 hours as well. N=1.
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Figure 18. Immunoblot Analysis Following ROS Scavenging with GSH in Shh-Treated
CGNPs and SmoA1l Medulloblastomas Ex Vive: (A). CGNPs were treated with GSH
(5mM) alongside Shh for 6 and 12 hours. GSH was supplemented every 6 hours. Note
decreased HIFla levels after ROS depletion. (B). 300um-thick SmoA1l tumor slices were
cultured in NB-B27 medium and also treated with GSH (5mM) for 6 and 12 hours with drug
replenishment every 6 hours as well. N=1.
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NADPH Oxidase Inhibition Reduces HIF1a Protein Stabilization in Shh-treated
CGNPs and in SmoA1 Medulloblastomas Ex Vivo

Following treatment with NAC or GSH we wanted to test our hypothesis that Nox
activity is involved in ROS production that stabilizes HIF1a. CGNPs and MB slices were
cultured in the same manner as with our NAC/GSH experiments (Fig. 18/19), but in this
case the Nox inhibitor apocynin was added at indicated concentrations for 24 hours.
Western blot analysis revealed similar results as with NAC/GSH in that HIF1a levels
decreased in CGNPs and tumor slices but this time in an apocynin dose-dependent
manner. Additionally, PHD3 levels continued to correlate with HIF 1a levels, and Cyclin

D2 signal decreased with apocynin treatment (Fig. 19A; Fig. 19B).

NADPH Oxidase 4 is Upregulated Downstream of Shh

In order to identify the Nox family protein generating ROS we decided to
investigate Nox4 given our previous data and the current literature linking it to various
cancers and HIF 1 a stabilization. Using our SmoA 1 mouse model, we observed a clear
increase in Nox4 protein levels in the tumor compared to the neighboring normal
cerebellar tissue (Fig. 20A). We then treated CGNPs with exogenous Shh and again
observed elevated Nox4 levels (Fig. 20B). Although very preliminary, these results

support Nox4 as potentially playing a role in ROS-dependent HIF 1 a stabilization.
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Figure 19. Immunoblot Analysis Following NADPH Oxidase Inhibition in Shh-Treated CGNPs
and SmoAl Medulloblastomas Ex Vivo: (A). CGNPs were treated with Apocynin at indicated
concentrations combined with Shh for 24 hours. Note decreased HIFla levels after inhibiting
NADPH Oxidase ROS production. (B). 300pum-thick SmoA1l tumor slices were cultured in NB-B27
medium and also treated with Apocynin for 24 hours. N=1.
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Figure 20. Nox4 Protein is Up-regulated in MB and Shh-treated CGNPs: (A)
Immunoblot analysis indicating an increase in Nox4 protein levels in SmoAl tumor
tissue compared to neighboring normal cerebellum. (B) Immunoblot analysis showing
up-regulation of Nox4 induced by Shh in CGNPs. N=1.
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Medulloblastoma comprises the most common CNS malignancy among children,
with approximately 30% of these tumors belonging to the Sonic Hedgehog molecular
subclass. Although the current standard of care leads to a relatively high “cure” rate
(~70%), patients are left with a myriad of neurological and developmental deficits; this
indicates a substantial need for development of novel molecular targeted therapies.
Furthermore, medulloblastoma recurrence is lethal and is driven by radiation-resistant
cancer stem cells residing in the tumor perivascular niche (PVN). The mechanisms by
which these cells survive therapies remain largely unclear and further investigation is
essential in working toward patient recurrence-free survival.

To reliably recapitulate spontaneous tumors arising from aberrant Shh signaling,
we used a NeuroD2-SmoA 1 mouse model. We also took advantage of an in vitro
cerebellar granule neuron precursor (CGNP) primary culture system that allows us to
closely study Shh mitogenic signaling and its downstream interactions/effectors. In this
study, we examined the role of reactive oxygen species (ROS) signaling in the hypoxia-
independent (non-canonical) stabilization and transactivation of HIF1a in Shh-driven
medulloblastoma. HIF1a levels are rate-limiting in HIF-1 transcriptional activation. It has
been widely studied and accepted as an essential player in various aspects of cancer
progression including maintenance of stem-like qualities (47-53). These reports are
consistent with our finding of HIF1a within and surrounding nestin-positive stem-like
cells in the medulloblastoma PVN (Fig. 14). Since these cells reside in the well-
oxygenated area surrounding the vasculature, we were lead to investigate hypoxia-
independent factors contributing to this HIF1a stability. Accumulation of intracellular

ROS has been shown to hinder the process by which HIF1a is degraded, independent of
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the oxygenation state (7, 75-83). These reports are consistent with our finding the HIFla
is upregulated in medulloblastoma compared to the adjacent normal cerebellum in a post-
transcriptional manner. Congruently, Shh pathway induction in CGNPs results in a
significant increase in ROS levels along with marked HIF 1 a protein stabilization.
Follow-up experiments aimed at directly sequestering ROS used the antioxidants N-
acetyl-L-cysteine (NAC) or Glutathione (GSH). Administering NAC or GSH to Shh-
treated CGNPs and ex vivo tumor slices resulted in diminished HIF1a levels.

The current literature supports the NADPH oxidase (Nox) family of proteins as
being a significant regulator of intracellular ROS production in a multitude of cancers (1,
84-86, 95, 96) and their activity has been linked to HIF 1 a stabilization (84, 85, 91-93).
We considered these findings within the context of our hypothesis. Strikingly, we found
that inhibiting Nox activity pharmacologically using apocynin decreased HIF1a levels in
Shh-treated CGNPs and ex vivo tumor slice culture. Taken together, our results and other
studies indicate a potential role for Nox-generated ROS in hypoxia-independent HIF1a
transactivation. Preliminary findings and other studies suggest that Nox4, one of the 7
human Nox homologues, could be of particular interest within our paradigm (97-105).
Furthermore, Nox4 is up-regulated in medulloblastoma compared to the neighboring
normal cerebellum and elevated in Shh-treated CGNPs. Much work is necessary to
establish a stronger correlation or even a causal role, but so far Nox4 induction has
accompanied HIF 1 a stabilization in our working models.

While promising, this study does present with a number of limitations. Our in
vitro and ex vivo cultures are grown in a standard incubator with an approximate pO; of

21%, which results in hyperoxic conditions compared to physiological pO.. Additionally,



45

the ROS assay used does not detect all forms of ROS, but it does detect the most common
Nox-produced ROS types. Of course, reproducing these findings is necessary to build
statistical strength and gain a clearer idea of what is happening within our system. These
discrepancies as well as always-present tumor heterogeneity should be considered when
interpreting the physiological relevance of these results.

Follow-up studies include performing the ROS assay after treatment of CGNPs
and tumor slices with NAC, GSH, or apocynin to confirm that those drugs did in fact
reduce ROS levels. Also, rescuing hydroxylation of HIF1a in Shh-treated CGNPs and
Tumor slices with FeCl treatment would indicate ROS pushing ferrous iron toward the
ferric state as in (91). In the future, we would like to assess whether the drop in HIFla in
tumor slices following antioxidant or apocynin treatment occurs around the vasculature.
This direction involves using the same tumor slice culture methods and then performing
immunofluorescence analysis of HIF 1o around endothelial cells using the marker CD31.
This experiment would give a better indication of ROS-mediated stabilization of HIF1a
in the elusive tumor perivascular niche. If this relationship is further elucidated, we
would also like to explore the recently proposed cycling hypoxia theory as a means of
Nox4-mediated ROS production near the vasculature which has been shown to drive
brain tumor radiation resistance (101, 106). Spatial and temporal fluctuations in oxygen
levels surrounding new and disorganized tumor vasculature lead to ROS generation,
tumor-promoting inflammation, and angiogenesis (107, 108). The kinetics underlying this
oxygen instability are not well known, but resulting oxidative stress has been linked to
HIF1a and its expression in the tumor PVN (109, 110). This theory is valuable as we

work to understand the relationship between Nox4 and HIF1a. Lentiviral knockdown of
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Nox4 will also be pursued to establish a relationship between Nox4 activity and HIFla
stabilization.

Overall, this work supports intracellular ROS playing a role in hypoxia-
independent HIF 1« stabilization and transactivation in Shh-driven medulloblastoma. This
could lead to a better understanding of the mechanisms underlying HIF1a activity in the
tumor perivascular niche, which has been shown to contribute to stemness, radiation
resistance, and lethal recurrence. Learning how tumor stem cells are able to resist
radiation is essential in working toward disease-free survival, and we believe our
proposed Nox4—ROS—HIF1a axis (Fig. 21) could provide valuable clues in

undertsanding this process.
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Figure 21. Proposed Nox4—ROS—HIF1a Model
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