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metabolic pathway at tumor initiation, and progressively increased to meet the demands
of tumorigenesis. A corresponding increase in the expression of genes involved in ribo-
somal biogenesis suggested that MYCN-driven transactivation of the protein biosynthetic
machinery generated the necessary substrates to drive glutathione biosynthesis. Pre-
malignant sympathetic ganglia from TH-MYCN mice had higher antioxidant capacity and
required glutathione upregulation for cell survival, when compared to wildtype ganglia.
Moreover, in vivo administration of inhibitors of glutathione biosynthesis significantly de-
layed tumorigenesis when administered prophylactically and potentiated the anticancer
activity of cytotoxic chemotherapy against established tumors. Together these results
identify enhanced glutathione biosynthesis as a selective metabolic adaptation required
for initiation of MYCN-driven neuroblastoma, and suggest that glutathione-targeted agents
may be used as a potential preventative strategy, or as an adjuvant to existing chemother-

apies in established disease.
Crown Copyright © 2016 Published by Elsevier B.V. on behalf of Federation of European

Biochemical Societies. All rights reserved.

1. Introduction

Neuroblastoma is a pediatric embryonal malignancy of the
sympathetic nervous system (Brodeur, 2003; Maris, 2010).
Amplification of the V-Myc Avian Myelocytomatosis Viral
Oncogene Neuroblastoma Derived Homolog (MYCN ) gene lo-
cus occurs in approximately 20% of patients and predicts
poor prognosis (Maris, 2010; Schwab et al., 1983). MYCN ampli-
fication leads to high-level MYCN expression, leading to aber-
rant transcriptional activation and repression of genes that
support a malignant phenotype (Brodeur, 2003; Brodeur
et al.,, 1984; Maris, 2010; Schwab et al., 1983, 1984). In the
normal embryo, MYCN expression is high in the early post-
migratory neural crest where it regulates the early sympa-
thoadrenal lineage but it is gradually down-regulated and is
generally expressed at low levels through postnatal life
(Zimmerman et al., 1986). The causal role of MYCN expression
in neuroblastoma tumorigenesis is supported by the observa-
tion that sympathetic tissue-specific expression of the human
MYCN gene in TH-MYCN transgenic mice causes a murine
equivalent of neuroblastoma that recapitulates almost all of
the features of the human disease (Chesler and Weiss, 2011,
Weiss et al., 1997). Currently, direct MYCN-targeted agents
have not been developed, but there has been recent pre-
clinical success with indirect treatment approaches that
inhibit MYCN by targeting its expression, protein stability or
transcriptional activity (Brockmann et al., 2013; Carter et al.,
2015; Chipumuro et al., 2014; Puissant et al., 2013). This sug-
gests that indirect targeting strategies show significant prom-
ise for MYCN-amplified neuroblastoma patients.
Sympathetic ganglia in TH-MYCN mice exhibit hyperplasia
of sympathetic progenitors, or neuroblasts, prior to malignant
transformation (Alam et al., 2009; Calao et al., 2012; Hansford
et al., 2004). In humans, a similar population of remnant neu-
roblasts termed “neuroblastoma in situ”, has been described in
the adrenal medulla of infants at a much higher incidence
than clinical neuroblastoma (Beckwith and Perrin, 1963).
Together this suggests that neuroblastoma initiates from
remnant cells of the embryonic sympathoadrenal lineage
which have pathologically persisted postnatally (Marshall

et al., 2014). Persistent neuroblasts in neuroblastoma tumor
initiation develop resistance mechanisms to differentiation
or deletion signals normally received by prenatal cells pro-
duced in excess to requirements for organogenesis (Calao
et al., 2012; Hansford et al., 2004; Marshall et al., 2014). In
TH-MYCN mouse ganglia the majority of hyperplastic neuro-
blasts also spontaneously regress prior to later tumorigenesis
(Hansford et al., 2004). Tumors must therefore arise from clon-
ally selected cells with secondary pro-survival characteristics.

Metabolism in cancer cells is fundamentally altered to
meet the demands of malignancy. As cancer cells rapidly pro-
liferate, metabolism must be altered to sustain adequate
macromolecule biosynthesis, energy production and redox
balance (Cairns et al.,, 2011). Moreover, in large solid tumors
such as neuroblastoma, a unique micro-environment dictates
that tumor cells often need to survive avascular conditions
during tumor progression and develop resistance mecha-
nisms to oxygen deprivation (Mohlin et al., 2015). Recent evi-
dence in mouse models of some adult cancers also suggests
that cancer-specific changes in metabolic pathways, such as
those that maintain redox balance, are essential for the
earliest stages of tumor initiation (Harris et al., 2015).

MYCN and family member MYC have been closely tied to
the regulation of a plethora of metabolic pathways in cancer
(Cairns et al., 2011; Dang et al., 2009). MYC collaborates with
heat-shock inducible factor (HIF) proteins to promote glucose
uptake and glycolytic flux by direct transcriptional regulation
of glucose transporters and glycolytic enzymes (Dang et al.,
2008; Kim et al., 2007). Moreover, MYC can support the macro-
molecular demand of rapidly dividing cancer cells by driving
preferential pyruvate kinase isozyme M2 (PKM2) expression
and pentose phosphate pathway activation (David et al.,
2010). MYC-driven tumors enhance glutamine transport and
glutamate metabolism to support flux through the citric acid
cycle which provides the carbon backbone required for macro-
molecule biosynthesis (Le et al.,, 2012). MYC has also been
linked to altered redox control by enhancing production of an-
tioxidants, glutathione and reduced nicotinamide adenine
dinucleotide phosphate (NAPDH) to overcome potentially
damaging metabolic byproducts, such as reactive oxygen
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species (ROS) (Cairns et al., 2011; David et al., 2010; Gao et al.,
2009; Veas-Perez de Tudela et al., 2010).

To evaluate specific metabolic changes in MYCN-driven
neuroblastoma tumorigenesis, we have conducted a metabo-
lomics analysis on sympathetic ganglia and tumor tissues
derived from TH-MYCN mice. We show that glutathione
biosynthesis is specifically upregulated during TH-MYCN
tumorigenesis compared to normal tissues. This occurred
due to an over-abundance of upstream substrates driving
glutathione biosynthesis pathway activation. Moreover, we
show that glutathione depletion is selectively toxic to pre-
malignant TH-MYCN ganglia cells and inhibits MYCN-driven
tumorigenesis.

2. Materials and methods
2.1. Isolation of ganglia/tumors for metabolomics

A transgenic mouse model of neuroblastoma that overex-
presses human MYCN in the sympathetic lineage develops a
murine equivalent of human neuroblastoma as previously
described (Weiss et al., 1997). Sympathetic ganglia (pooled cer-
vical ganglia and coeliac ganglia) or tumors were dissected
from 2, 4 and 6 week wild-type and TH-MYCN*/* mice as pre-
viously described (Calao et al, 2012; Carter et al., 2015;
Hansford et al., 2004) and washed in Hanks balanced salt solu-
tion and snap-frozen. Metabolic analyses were performed in
duplicate for wild-type and TH-MYCN™* mice (from 2 to 3
pooled samples/time point). All subsequent steps in metabolic
profiling were normalized to the mass of each sample.

2.2. Metabolic profiling

2.2.1. Metabolite analysis
Metabolomics profiling analysis was performed by Metabolon
as previously described (Reitman et al., 2011).

2.2.2.  Sample preparation

Samples were prepared using the automated MicroLab STAR®
system from Hamilton Company. A recovery standard was
added prior to the first step in the extraction process for the pur-
pose of quality control. Sample preparation was conducted us-
ing an aqueous methanol extraction process to remove the
protein fraction while allowing maximum recovery of small
molecules. The resulting extract was divided into four fractions:
one for analysis by UPLC/MS/MS (positive mode), one for UPLC/
MS/MS (negative mode), one for GC/MS, and one for contin-
gency. Samples were placed briefly on a TurboVap® (Zymark)
to remove the organic solvent. Each sample was then frozen
and dried under vacuum. Samples were then prepared for the
appropriate instrument, either UPLC/MS/MS or GC/MS.

2.2.3. Ultrahigh performance liquid chromatography/mass
spectroscopy (UPLC/MS/MS)

The LC/MS portion of the platform was based on a Waters
ACQUITY ultra-performance liquid chromatography (UPLC)
and a Thermo-Finnigan linear trap quadrupole (LTQ) mass
spectrometer, which consisted of an electrospray ionization

(ESI) source and linear ion-trap (LIT) mass analyzer. The sam-
ple extract was dried then reconstituted in acidic or basic LC-
compatible solvents, each of which contained 8 or more injec-
tion standards at fixed concentrations to ensure injection and
chromatographic consistency. One aliquot was analyzed us-
ing acidic positive ion optimized conditions and the other us-
ing basic negative ion optimized conditions in two
independent injections using separate dedicated columns. Ex-
tracts reconstituted in acidic conditions were gradient eluted
using water and methanol containing 0.1% formic acid, while
the basic extracts, which also used water/methanol, con-
tained 6.5 mM Ammonium Bicarbonate. The MS analysis
alternated between MS and data-dependent MS2 scans using
dynamic exclusion. Raw data files are archived and extracted
as described below.

2.2.4. Gas chromatography/mass spectroscopy (GC/MS)

The samples destined for GC/MS analysis were re-dried under
vacuum desiccation for a minimum of 24 h prior to being
derivatized under dried nitrogen using bistrimethyl-silyl-
triflouroacetamide (BSTFA). The GC column was 5% phenyl
and the temperature ramp was from 40° to 300 °C in a
16 min period. Samples were analyzed on a Thermo-
Finnigan Trace DSQ fast-scanning single-quadrupole mass
spectrometer using electron impact ionization. The instru-
ment was tuned and calibrated for mass resolution and
mass accuracy on a daily basis. The information output
from the raw data files was automatically extracted as dis-
cussed below.

2.2.5. Quality assurance/quality control (QA/QC)

For QA/QC purposes, additional samples were included with
each day’s analysis. These samples included extracts of a
pool of well-characterized human plasma, extracts of a pool
created from a small aliquot of the experimental samples,
and process blanks. QC samples were spaced evenly among
the injections and all experimental samples were randomly
distributed throughout the run. A selection of QC compounds
was added to every sample for chromatographic alignment,
including those under test. These compounds were carefully
chosen so as not to interfere with the measurement of the
endogenous compounds.

2.2.6. Data extraction and compound identification

Raw data was extracted, peak-identified and QC processed us-
ing Metabolon’s hardware and software. These systems are
built on a web-service platform utilizing Microsoft’s.NET tech-
nologies, which run on high-performance application servers
and fiber-channel storage arrays in clusters to provide active
failover and load-balancing. Compounds were identified by
comparison to library entries of purified standards or recur-
rent unknown entities. More than 2400 commercially avail-
able purified standard compounds have been acquired and
registered into Metabolon’s system for distribution to both
the LC and GC platforms for determination of their analytical
characteristics.

2.2.7. Metabolite quantitative analysis
The dataset was refined to include only metabolites that
were detected in all samples and had a corresponding
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human metabolome database identification number that
was required for downstream analysis (n = 156). Area under
curve analysis was conducted in R software using “auc”
command of the MESS package. For heatmap analysis, raw
data was normalized to week 2 wild-type ganglia and plotted
according to the “heatmap.2” command of the ggplots
package.

2.3.  Metabolite set enrichment analysis (MSEA)

MSEA was conducted as previously described on the dedicated
web-based platform (http://www.msea.ca/MSEA/) (Xia and
Wishart, 2010). Specifically the top 50 metabolites ranked by
net area under curve in TH-MYCN ganglia/tumors compared
to wild-type ganglia, were analyzed by over-representation
analysis in 80 metabolic pathways of the Small Molecular
Pathway Database (Frolkis et al., 2010; Xia and Wishart,
2010). Refer to Figure 1A and Results section for a more
detailed explanation on the methodology used.

2.4. Gene set enrichment analysis

Coeliac and superior cervical ganglia were isolated from two-
week old TH-MYCN*/* mice and wild-type littermates as previ-
ous described (Calao et al., 2012; Carter et al., 2015; Hansford
et al., 2004). RNA was isolated and hybridized to Agilent Sure-
Print G3 Mouse GE 8 x 60K Microarrays. Arrays were normalized
using GenePattern software (version 3.2.3 Broad Institute) using
the AgilentToGCT and LimmaGP modules (version 19.3) avail-
able at https://pwbc.garvan.unsw.edu.au/gp. Gene expression
data is available at the Gene Expression Omnibus accession
#GSE71105. Gene set enrichment analysis (http://www.broa-
dinstitute.org/gsea/index.jsp)  (Mootha et al, 2003;
Subramanian et al., 2005) was conducted on a pre-ranked list
of differentially expressed genes in TH-MYCN*™" ganglia
compared to wild-type ganglia. Gene sets for KEGG and GO
target genes are available in the Molecular Signature Database
(http://www.broadinstitute.org/gsea/msigdb/index.jsp).

2.5. Primary sympathetic ganglia cultures

Coeliac and superior cervical ganglia were isolated from two-
week old TH-MYCN** mice and wild-type littermates and
cultured as previous described (Calao et al., 2012; Carter
et al., 2015; Hansford et al., 2004). Briefly, extracted ganglia
were placed in Hanks’ balanced salt solution (Life Technolo-
gies) containing 1 mg/ml collagenase (Sigma) at 4 °C for
30 min and then dissociated by adding 0.05% trypsin at 37 °C
for 8—11 min. Samples were then washed twice, resuspended,
and triturated in Neurobasal-A media (Life Technologies) sup-
plemented with 0.5 mM i-glutamine, 25 pM glutamic acid,
penicillin streptomycin (1% vol/vol), and B27 (Life Technolo-
gies; 2% vol/vol; complete media). Ganglia cells were cultured
in complete Neurobasal-A media supplemented with 10% B27
(Life Technologies) on poly-p-lysine and laminin-coated cov-
erslips in 8 well chamber slides (Lab-Tek II - Thermo Scientific)
in the presence of NGF (50 ng/ml; Biosensis) and aphidicolin
(3.3 ng/ml; Sigma). 48 h after seeding, ganglia cultures were
then washed gently by dilution with PBS to avoid cell contact
with air and media was replaced with whole growth media.

Cultures were then incubated for 48 h and neural lineage cells
were quantified by immunofluorescent staining for PIII-
tubulin (see below). Data is expressed as the percentage of
BIII-tubulin positive cells compared with untreated cells.
Ganglia cultures treated with BSO (Sigma), H,0, (Sigma), or,
L-glutamine (Life technologies), and p-glucose (Sigma) supple-
mentation was done so 48 h after seeding for a total of 48 h. All
data is representative of three independent biological
replicates + standard error.

2.6. Immunofluorescence

Primary ganglia cultures in 8 well chamber slides were fixed in
3—4% paraformaldehyde for 15 min at room temperature fol-
lowed by 30 min of 0.4—0.5% Triton-X to permeabilize cells. Af-
ter washing with PBS, cells were then blocked with 10% FCS
for 1 h, followed by overnight incubation with rabbit anti-
BIII-tubulin (Covance 1:1000) at 4 °C in a humid environment.
Secondary anti-rabbit-Alexa-Fluor 488 (Life Technologies
1:2000) was then incubated for 45 min at room temperature
and slides were mounted with coverslips using DAPI
mounting solution (Southern Biotech). DAPI was used to
determine nuclear stain. BIII tubulin was used to determine
the number of neural lineage cells. Cells were counted on
the Zeiss Axioplan II microscope. Counts reflect all cells in a
particular well normalized relative to control for three inde-
pendent experiments.

2.7. BSO and BPTES prophylaxis in pre-tumor TH-
MYCN mice

For prophylaxis studies, 2.5 mmol/kg BSO (Sigma), 12.5 mg/kg
BPTES (Sigma) or 0.9% saline was administered intraperitone-
ally to TH-MYCN™" mice at 6 days of age for a total of 5 days/
once a day. Mice were then culled and fixed for H&E staining
and histological analysis. All mice were examined for the pro-
portion of ganglia which exhibited neuroblast hyperplasia.
>30 neuroblasts/focal region in each ganglion were consid-
ered to be hyperplastic (Calao et al., 2012; Carter et al., 2015;
Hansford et al., 2004). Data presented is the average propor-
tion of ganglia which were hyperplastic + standard error for
each mouse. For examination of time to tumor onset, prophy-
lactic BSO was administered by gavage at 500 mg/kg into 3
week old TH-MYCN** mice. They were continued on treat-
ment, once per day until palpable tumors were detected.
The Kaplan—Meier chart shows the age of mice when tumors
were first detected (by palpation).

2.8. BSO and vincristine treatment in TH-MYCN mice
with established tumors

Upon the development of 5 mm diameter tumors by palpation
(~4—5 weeks old), TH-MYCN™" transgenic mice were ran-
domized into treatment groups to receive treatments. After
which, mice were monitored until the development of a me-
dium (~10 mm) palpable abdominal tumor or signs of
thoracic tumor development (labored breathing or hind limb
paralysis as previously described (Carter et al, 2015;
Henderson et al, 2011)). For Kaplan—Meier analysis, a
10 mm palpable tumor is considered the survival endpoint.
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Figure 1 — Temporal analysis of metabolism through neuroblastoma tumorigenesis. A) Schematic of experimental plan used in the metabolic
profiling for this study. Sympathetic ganglia and tumors from TH-MYCN*'" mice and age-matched wild-type littermates were dissected at the
indicated ages for metabolic profiling. Metabolic profiling was conducted using gas chromatography (GS) or liquid chromatography (LS) and mass

spectrometry (n = 263). After data normalization and standardization, abundance for each metabolite was quantified across multiple time points
for each genotype using area under curve (AUC) analysis (n = 156). Net AUCMYCN refers to the AUC value for each metabolite from TH-MYCN
ganglia/tumors minus the AUC value for wild-type ganglia. The top 50 metabolites ranked by NET AUCMYN were subsequently used in
metabolite set enrichment analysis to evaluate which pathways have metabolites that were over-represented. B) Heatmap representation of
metabolite abundance expressed as log2 adjusted fold change (log,FC) of the metabolite abundance detected in week 2 wild-type ganglia. NET
AUCMYN heatmap values for each metabolite are also plotted. Data ranked from top to bottom by NET AUCMYN value. For full list of

individual metabolite quantities, refer to Supplementary Table 1.

Percentage of mice developing tumors (y-axis) refers to the
proportion of mice which have not reached endpoint at any
given time (x-axis). Kaplan—Meier graphs were generated
with GraphPad Prism 6 and two-sided log-rank tests were
used to compare groups. In order to prevent severe

constipation, animals treated with vincristine in the presence
or absence of BSO were administered paraffin oil (100 uL) by
gavage on two occasions during the experiment, and were
also given additional supplementation with glutamic acid
0.1 mg/mL in drinking water.
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For single agent BSO studies, mice received BSO at 500 mg/
kg or saline by gavage for 5 consecutive days. For BSO/vincris-
tine combination studies, BSO was administered at 500 mg/kg
by gavage 4 h prior to intraperitoneal vincristine at 0.2 mg/kg.
Treatment continued for a total of 5 days, once per day and
then tumors were measured by palpation daily, until they
reached 10 mm in diameter (i.e. the survival endpoint).

2.9. Animal ethics

All experimental animal procedures were approved by the
University of New South Wales Animal Care and Ethics Com-
mittee according to the Animal Research Act, 1985 (New South
Wales, Australia) and the Australian Code of Practice for Care
and Use of Animals for Scientific Purposes (1997).

2.10. Statistical analysis

Area under curve and heatmap analysis were computed using
R software. All comparisons of means were computed with
two-sided t-tests in Graphpad Prism. Differences between
non-linear regression curves were computed using extra
sum of squares F-test in Graphpad Prism. Differences in sur-
vival proportions were computed using log-rank tests in
Graphpad Prism. MSEA was conducted using the web-
platform available at http://www.msea.ca/MSEA/by over-
representation analysis on Small Molecular Pathway Database
canonical metabolic pathways (Frolkis et al., 2010; Xia and
Wishart, 2010). GSEA was conducted using standalone GSEA
software available at http://software.broadinstitute.org/gsea/
index.jsp.

3. Results

3.1. Temporal analysis of metabolism through
neuroblastoma tumorigenesis

Since neuroblastoma tumorigenesis in the TH-MYCN mouse
model is characterized by distinct phenotypic stages, we con-
ducted a metabolomics analysis on sympathetic ganglia and
tumor tissues isolated at multiple time points after birth and
compared them to ganglia from wild-type littermates
(Figure 1A). We collected tissues at postnatal 2, 4, and 6 weeks
of age, which in the TH-MYCN™/* mice correspond to stages of
ganglia hyperplasia (pre-tumor), early tumor (first palpable
age: ~1—3 mm diameter) or an advanced tumor (~8-10 mm
diameter), respectively (Hansford et al., 2004; Weiss et al.,
1997). To quantify metabolites in these samples, we used
liquid or gas chromatography coupled with mass spectrom-
etry (Reitman et al.,, 2011). In total, 263 unique metabolites
were matched to their respective standards in at least one
sample and metabolites were quantified accordingly
(Supplementary Table S1). We further refined the dataset to
include only metabolites that were detected in all samples
and had a corresponding human metabolome database iden-
tification number that was required for downstream analysis
(n = 156) (Supplementary Table S2). With the refined dataset
we then conducted area under curve (AUC) analysis for each
analyte to quantify the magnitude of difference between

metabolites in TH-MYCN** and wild-type samples over
time. All metabolites were ranked by net AUC for TH-
MYCN"* mice (NET AUCMY®N) ie. each metabolites AUC for
TH-MYCN** samples minus the AUC for wildtype samples
(Supplementary Table S2, see Figure 1A for methodology).
Heatmap analysis identified that the vast majority of tested
metabolites were upregulated in TH-MYCN*/* ganglia/tumors
when normalized by week 2 wild-type ganglia values
(Figure 1B). NET AUCMYN demonstrated that 151/156 (96.8%)
metabolites were upregulated to some degree in TH-MYCN*/
*mice (NET AUCMYN >0) (Figure 1B, Supplementary Table S2).

3.2 Glutathione biosynthesis is upregulated during TH-
MYCN** tumorigenesis

Considering that the vast majority of metabolites were upre-
gulated in TH-MYCN™* mice, we next evaluated which meta-
bolic pathways were upregulated to the greatest degree. For
this analysis we conducted metabolite set enrichment anal-
ysis (MSEA - http://www.msea.ca/MSEA/) (Xia and Wishart,
2010). Specifically, we examined whether the top 50 metabo-
lites ranked by NET AUCMY“N were over-represented among
the 80 human metabolic pathways found in the Small Molec-
ular Pathway Database (Supplementary Table S3) (Frolkis
et al., 2010). This method produces a hypergeometric test
score to evaluate relative pathway enrichment (i.e. the fold
change in the number of metabolites present within the
pathway over the number expected to be in the pathway)
(Xia and Wishart, 2010). MSEA based on the top 50 metabolites
ranked by NET AUCMYN showed that the most enriched
metabolic pathway was glutathione metabolism (Figure 2A,
Supplementary Table S4). Glutathione is the most abundant
antioxidant within cells, and has been implicated as a key
requirement to overcome oxidative stress in highly metabolic
active cancer cells (Cairns et al., 2011). Notably, a number of
metabolic pathways inter-related to glutathione metabolism
were also enriched in the MSEA results, such as glutamate
metabolism, glycine metabolism and cysteine metabolism
(Figure 2A, asterisks), which would satisfy the substrate de-
mand for glutathione biosynthesis. We next identified the pat-
terns of increase in seven glutathione metabolism substrates
and products, which were consistently upregulated in TH-
MYCN*/* ganglia, compared to wild-type ganglia, over the
course of tumorigenesis (Figure 2B). These patterns of change
suggested that the biosynthetic arm of glutathione meta-
bolism was upregulated at both initiation and later progres-
sion of the TH-MYCN tumorigenesis process.

3.3. Glutathione biosynthesis is upregulated due to
excessive upstream substrate abundance

We next evaluated the mechanism by which MYCN enhanced
glutathione biosynthesis in TH-MYCN*/* ganglia. As MYC pro-
teins have been implicated in the regulation of a number of the
enzymes required for glutathione biosynthesis (Benassi et al.,
2006; Gao et al., 2009; Veas-Perez de Tudela et al., 2010; Xiao
etal.,, 2015), we examined the expression of enzymes involved
in this pathway from gene expression arrays of 2 week old TH-
MYCN*/* and wild-type ganglia (Figure 3A). Surprisingly, we
found that the mRNA expression levels of the glutathione
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Figure 2 — Glutathione biosynthesis is upregulated in TH-MYCN mice through tumorigenesis. A) The top 50 metabolites ranked by NET
AUCMYN were computed for over-representation by metabolite set enrichment analysis (MSEA) on 80 metabolic pathways of the small molecule
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* indicates pathways that relate to glutathione biosynthesis.

# indicates the protein biosynthesis pathway. Only pathways with enrichment greater than 0 are shown. Refer to Supplementary Table S4 for full
analysis. B) The metabolites of the glutathione biosynthesis pathway are displayed diagrammatically and are accompanied by their relative

abundance in TH-MYCN"'* and wild-type samples. Enzymes involved in the pathway are also displayed. GLS, glutaminase, GCL, glutamyl-
cysteine ligase, GPX, glutathione peroxidase, GSR, glutathione reductase, GGT, gamma-glutamyl transpeptidase, GSS; glutathione synthetase,

OPLAH, 5-Oxoprolinase ATP-Hydrolyzing.

biosynthetic enzymes were mostly downregulated in TH-
MYCN*/* ganglia and overall were significantly downregulated
compared to other genes by gene set enrichment analysis
(Figure 3A—B). This suggests that increased abundance of me-
tabolites of the glutathione biosynthesis pathway was not
driven by increased transcription of key enzymes. We there-
fore expanded our gene set enrichment analysis using expres-
sion arrays from 2 week old TH-MYCN** and wild-type ganglia
to explore canonical pathways of the KEGG database (http://
www.genome.jp/kegg/pathway.html) (Ogata et al., 1999) to
discover alternative mechanisms of pathway upregulation.
Numerous expected pathways were identified to be enriched
in TH-MYCN** ganglia indicative of increased cell prolifera-
tion, such as those related to cell cycle/biogenesis and DNA
repair (Figure 3C — asterisks and hashtags respectively,
Supplementary Table 5). Interestingly though, genes involved
in ribosome biogenesis were also highly enriched (Figure 3C
— red box, Figure 3D, Supplementary Table 5). Ribosome

biogenesis and regulation have been strongly linked to MYC
proteins in cancer to meet the protein translational demands
of cancer cells (van Riggelen et al., 2010). Upregulated ribosome
biogenesis leads to overall increases in the total cellular amino
acid pool, therefore, we explored the possibility that the gluta-
thione biosynthesis pathway is driven by excessive abundance
of upstream substrates. Consistent with our findings from
KEGG pathways, gene ontology analysis on TH-MYCN*/*
ganglia gene expression also showed upregulation of genes
involved in ribosomal biogenesis compared to wildtype ganglia
(Figure 3E). In accordance with this observation, we also found
that the protein biosynthesis pathway was highly enriched in
TH-MYCN** mice (Figure 2A, hashtag). Together these data
support a hypothetical model whereby MYCN deregulation
throughout neuroblastoma tumorigenesis leads to increased
protein biosynthesis by transactivation of ribosomal genes,
and consequently, excessive cysteine, glutamate and glycine
abundance drives increased glutathione biosynthesis.
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Figure 3 — Ribosomal biogenesis genes rather than glutathione biosynthesis enzymes are upregulated in pre-malignant TH-MYCN ganglia. A)
Relative gene expression of enzymes involved in the glutathione biosynthesis pathway. Data is log, adjusted fold change for 2 week old TH-MYCN
sympathetic ganglia compared to age matched wild-type ganglia. Data displayed indicates the average fold change in TH-MYCN"'* gene
expression * standard deviation from 6 independent ganglia. GLS, glutaminase, GCL, glutamyl-cysteine ligase, GPX, glutathione peroxidase,
GSR, glutathione reductase, GGT, gamma-glutamyl transpeptidase, GSS; glutathione synthetase, OPLAH, 5-Oxoprolinase ATP-Hydrolyzing.
B) Gene set enrichment plot for genes as displayed in A. Genes were analyzed by gene set enrichment analysis on a fold change ranked gene
expression dataset comparing TH-MYCN™"'* to wild-type ganglia derived from 2 week old mice. NES, normalized enrichment score, FDR, false
discovery rate. C) Positively enriched gene sets from the KEGG database determined using gene set enrichment analysis on a fold change ranked
gene expression dataset comparing TH-MYCN™''* to wild-type ganglia derived from 2 week old mice. Red box indicates the “KEGG_Ribosome”
gene set. * indicates gene sets related to cell cycle/biogenesis. # indicates gene sets related to DNA repair. Only pathways with a p-value less than
0.1 are shown. Refer to Supplementary Table S5 for full analysis. D) Gene set enrichment plot for the “KEGG_Ribosome” as analyzed in C. E)
Gene set enrichment plot for the gene ontology gene set termed “GO_Ribosome_Biogenesis_and_Assembly” analyzed by gene set enrichment
analysis on a fold change ranked gene expression dataset comparing TH-MYCN"'* to wild-type ganglia derived from 2 week old mice.

3.4. Glutathione is required for cell survival at TH- marked resistance to oxidative stress induced by hydrogen
MYCN tumor initiation peroxide (H,0,) (Figure 4A) and were significantly more sen-

sitive to the glutathione biosynthesis inhibitor, buthionine
Since we had identified that glutathione abundance is in sulfoximine (BSO) (Figure 4B). Moreover, depletion of L-gluta-
excess throughout TH-MYCN ™" tumorigenesis, we examined mine, the upstream glutamyl substrate of glutathione, from
the functional relevance to tumor initiation. We used pri- the culture media was selectively toxic to TH-MYCN™'™,
mary ganglia cultures from pre-tumor 2 week old TH- compared to wildtype cultures (Figure 4C), whereas depletion
MYCN™* mice, compared with wildtype mice (Calao et al., of a negative control substrate, p-glucose showed no signifi-

2012; Carter et al., 2015; Hansford et al., 2004). Compared to cant difference in toxicity (Figure 4D). Importantly, cell death
wildtype controls, TH-MYCN™* ganglia cultures showed a in TH-MYCN*/* cultures induced by BSO could be rescued by
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L-glutamine supplementation into the media, suggesting that
excess substrate abundance can effectively restore the func-
tionality of this pathway (Figure 4E). These findings could
also be recapitulated in vivo, where intraperitoneal adminis-
tration of BSO or glutamate inhibitor, BPTES (Robinson
et al., 2007), into 1 week old TH-MYCN™" mice on a 5 days
schedule, significantly reduced the proportion of ganglia hy-
perplasia at 2 weeks of age compared to vehicle control
(Figure 4F—G).

3.5. Excess glutathione abundance is required for tumor
progression but not tumor maintenance in TH-MYCN*/*+
mice

Next we examined whether glutathione was required for
different stages of TH-MYCN™" tumorigenesis by treating
mice with BSO. First, we treated pre-tumor 3 week old TH-
MYCN** mice with BSO before palpable tumors were detected
(5 days/week at 500 mg/kg/day). We found that inhibition of
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Figure 4 — Upregulation of glutathione biosynthesis enhances antioxidant activity and preserves cell viability in pre-malignant TH-MYCN ganglia.
A) Primary sympathetic ganglia cultures derived from 2 week old pre-malignant TH-MYCN ™"’ mice and wild-type mice were treated with increasing
concentrations of oxidative stress agent hydrogen peroxide (H,O,). Cell viability was evaluated using immunofluorescence by counting the total
amount of BIII-tubulin positive cells (sympathetic neural lineage) and determining the percentage of viable cells compared to untreated cultures.
Inhibitory concentration 50 was interpolated from non-linear regression curve. Cells were treated 48 h after cultures were seeded for a total of 48 h.
Data displayed is average cell viability + standard error derived from three independent biological replicates. P-value calculated using extra sum of
squares F-test. B) Cell viability of primary sympathetic ganglia cultures treated as in A, except they were treated with increasing concentrations of
glutathione biosynthesis inhibitor Buthionine sulfoximine (BSO). C) Cell viability of primary sympathetic ganglia cultures as in A, except they were
treated by depriving L-glutamine (L-glut) from the growth media. + + +; 0.5 mM, + +; 0.25 mM, +; 0.125 mM, —; 0 mM L-glutamine. D) Cell
viability of primary sympathetic ganglia cultures as in A, except they were treated by depriving D-glucose (D-Gluc) from the growth media. + + +;
25 mM, + +; 12.5 mM, +;0.06125 mM, —; 0 mM p-glucose. NS; not significant. E) Cell viability of TH-MYCN"’* primary sympathetic ganglia
cultures treated as in A, except they were treated with 80 pM of BSO and increasing supplementations of L-glutamine to the growth media. —;
0.5mM, +;1mM, + +;2mM, + + +;4 mM L-glutamine. F) 6 day old TH-MYC! ’~ mice were administered either intraperitoneal vehicle control
(0.9% saline) or BSO (2.5 mmol/kg/day) for 5 days and the proportion of ganglia with hyperplastic neuroblasts was evaluated by histological
examination. Ganglia were considered to be hyperplastic if > 30 focal neuroblasts were present per ganglion. Data displayed indicates the average
proportion of hyperplastic ganglia per mouse * standard deviation. Arrowheads indicate representative areas of neuroblast hyperplasia. G) As in F,
except glutamate inhibitor bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide 3 (BPTES) was used at 12.5 mg/kg/day.
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glutathione biosynthesis at this time led to significant delays
in tumor onset compared to vehicle-treated mice (Figure 5A).
Next we treated mice with BSO after palpable tumors were
detected (~4—5 weeks of age), but in this case, BSO alone
had no effect on tumor growth compared to vehicle control
(Figure 5B). However, BSO maintained its inhibitory effect
when combined with chemotherapeutic agent vincristine
compared to vincristine alone (Figure 5C). Taken together
our results suggest that excess glutathione is a major require-
ment at tumor initiation in TH-MYCN mice, but once the tu-
mor progresses it is only under chemotherapeutic stress that
is it again required for tumor maintenance.

4. Discussion

MYC proteins have been closely associated with deregulation
of metabolism in cancer cells (Cairns et al., 2011; Dang et al.,
2009). However, whether MYC-dependent metabolic reprog-
ramming is an early or late adaptation during tumorigenesis
is unresolved. Here we used a MYCN-dependent mouse model
of neuroblastoma to decipher altered metabolic pathways
during different stages of tumorigenesis. We have shown
that glutathione biosynthesis was upregulated early in pre-
malignant sympathetic ganglia. As tumorigenesis progressed,
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the pathway was progressively enhanced to meet the de-
mands of tumorigenesis. Correspondingly, expression of ribo-
somal biogenesis genes and upstream substrates of
glutathione biosynthesis were markedly upregulated to lead
to pathway overactivity. This suggests a hypothetical model
in which pre-malignant ganglia with hyperplastic neuroblasts
have increased resistance to oxidative stress as a result of
increased glutathione abundance, and are dependent on sub-
strate driven glutathione biosynthesis for cell survival and tu-
mor progression (Figure 5D).

Our metabolomics analysis revealed that cell metabolism
was generally upregulated during neuroblastoma tumorigen-
esis, with the vast majority of metabolites having increased
abundance compared to age matched wildtype sympathetic
ganglia. This was an expected finding, as cancer cells are
well known to have overall higher metabolic activity due to
their rapid proliferation and changing microenvironment
(Cairns et al,, 2011). Hence we focused our analysis on the
most upregulated metabolites during TH-MYCN*/* tumorigen-
esis to identify drivers of tumor initiation. However, while this
was our focus, there are some metabolites of note that were
down-regulated over the course of tumor development, such
as the mono- and disaccharides, glucose, ribose, maltose
and sucrose. As cancer cells are well known to require simple
sugars like glucose to meet their energy and macromolecule
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Figure 5 — Inhibition of glutathione biosynthesis delays tumor onset and sensitizes to vincristine chemotherapy in TH-MYCN mice. A) Three
week old TH-MYCN*'* mice were administered either vehicle control (0.9% saline) or BSO (500 mg/kg/day) by gavage for 5 days/week and mice
were monitored for detection of tumors by palpation. Graph displays the Kaplan—Meier analysis of time to first detection of tumors. P-value

calculated by log-rank test. B) At the detection of 5 mm diameter tumors by palpation, ~4—5 week old TH-MYCN*'" mice were administered
either vehicle control (0.9% saline) or BSO (500 mg/kg/day) by gavage for 5 days and mice were monitored for tumor growth by palpation. Graph

displays the Kaplan—Meier analysis of time until tumors grow to 10 mm diameter. P-value calculated by log-rank test. C) As in B, except
additional drug administration schedules for vincristine alone (VCR) and combination VCR/BSO are included. VCR was administered by
intraperitoneal injection (0.2 mg/kg/day) for 5 days when 5 mm diameter tumors were detected by palpation in ~4—5 week old TH-MYCN™'*
mice. P-value applies to the comparison between VCR/BSO and VCR alone. D) Hypothetical model of MYCN dependent metabolic
reprogramming in TH-MYCN tumorigenesis. ROS; reactive oxygen species, glu; glutamate, cys; cysteine, gly; glycine.
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biosynthesis demands, this was somewhat surprising. But
considering that downstream substrates such as glucose-6-
phosphate, fructose-6-phosphate, 3-phosphoglycerate, and
lactate were all upregulated in TH-MYCN** ganglia/tumors
this is more likely representative of glucose consumption,
feeding into aerobic glycolysis (a well-studied cancer specific
metabolic alteration commonly known as the “Warburg ef-
fect”) (Cairns et al., 2011; Warburg, 1956). While formal proof
of the aerobic glycolysis at neuroblastoma initiation is still
required, this emphasizes the value of taking a pathway level
view of metabolomics data.

We identified that metabolites involved in glutathione
biosynthesis were markedly upregulated during TH-MYCN*/*
tumorigenesis. However in parallel, we also showed that
gene expression levels of enzymes involved in glutathione
biosynthesis were downregulated at tumor initiation, con-
trasting with previous reports based on human tumor cell
lines derived from established neuroblastomas (Veas-Perez
de Tudela et al., 2010; Xiao et al., 2015). The reason for this in-
verse relationship between the substrates and enzymes of the
glutathione pathway is unclear but it is possible that at this
early stage of tumorigenesis, pre-malignant cells still main-
tain negative feedback control systems that repress enzyme
expression in an attempt to control pathway overactivity. In
contrast, ribosomal biogenesis genes were markedly upregu-
lated in TH-MYCN™* pre-tumor ganglia. Together with our
metabolomics data identifying upregulation of protein
biosynthesis in TH-MYCN*/* mice, this suggests that one of
the earliest aberrations of MYCN deregulation through tumor-
igenesis is upregulation of ribosomal activity, increased trans-
lation of proteins and upregulation of the amino acids
required for glutathione biosynthesis. Consistent with these
conclusions, TH-MYCN** ganglia cultures required high
levels of upstream glutamine for survival, and substrate sup-
plementation could successfully rescue the toxicity of BSO
mediated glutamyl-cysteine ligase inhibition. Our data sug-
gest the rate-limiting step in glutathione biosynthesis at this
early stage of tumorigenesis is upstream substrate abun-
dance, as opposed enzyme expression. It is important to
note though, that since BSO and BPTES were selectively toxic
toward TH-MYCN ganglia in vitro and in vivo, there is still a
requirement for enzyme expression to a certain threshold.
Also, while ribosomal biogenesis can theoretically increase
the protein pool required to supply the amino acids for gluta-
thione biosynthesis, functional experiments are required to
determine if upregulation of ribosomal genes is indeed critical
for glutathione production.

We used in vivo drug administration experiments using in-
hibitors of glutathione biosynthesis to decipher the biological
role of glutathione upregulation through TH-MYCN tumori-
genesis. Consistent with a previous study on breast cancer,
lymphoma and sarcoma (Harris et al., 2015), inhibition of the
glutathione pathway was much more potent when adminis-
tered before tumors had formed compared with treatment
schedules against established tumors. Previously it has been
reported that upregulation of compensatory antioxidant sys-
tems in established tumors such as the thioredoxin pathway
or cystine import were responsible for this resistance to gluta-
thione depletion (Harris et al., 2015). Future work will explore
whether a similar mechanism explains resistance of

established neuroblastomas to glutathione depletion. This
may also explain why glutathione depletion is not sufficient
to completely prevent tumor progression in several cancer
model systems (Harris et al., 2015). With this knowledge, po-
tential chemo-preventative or metabolic modification thera-
pies may be developed that impair aberrant antioxidant
activity to prevent or reduce cancer incidence. Regardless,
these findings suggest caution should be exercised when
considering high diets during
pregnancy.

Contrasting with our single agent experiments with BSO,
we showed that BSO markedly delayed tumor growth of estab-
lished neuroblastomas when administered as a combination
therapy with vincristine, a commonly used chemotherapeutic
for neuroblastoma patients. It is currently unclear if this
increased efficacy can be attributed to previously reported
role of vincristine in inducing reactive oxygen species (Chen
et al., 2011; Groninger et al., 2002; Simizu et al., 1998; Tsai
et al., 2007) or if an independent mechanism explains the
combination activity of vincristine and BSO. For instance,
MYCN downstream target gene MRP1 mediates resistance to
vincristine by glutathione-dependent drug efflux, so it is
possible glutathione inhibition with BSO may impair this pro-
cess indirectly and potentiate vincristine -cytotoxicity
(Burkhart et al., 2009; Loe et al., 1998; Schneider et al., 1995).
Nevertheless, our data suggest that the upregulation of gluta-
thione biosynthesis during MYCN-driven neuroblastoma
tumorigenesis could potentially be exploited therapeutically
as an adjuvant to increase potency of existing therapies.
Moreover, identification of novel and potent combinatorial in-
teractions between glutathione-targeted and other anti-
cancer agents should be investigated.

Here we present a hypothesis that the MYCN oncogenic
role in enhancing ribosomal gene expression may be the
mechanism that provides upstream substrates to drive gluta-
thione biosynthesis at tumor initiation. Notably, high gluta-
thione levels have also been shown to be required for the
initiation of adult cancers of diverse oncogenic stimuli, such
as PyMT overexpression, KRAS activation or PTEN knockout
(Harris et al., 2015). Thus, it seems likely that a requirement
for glutathione during tumorigenesis is a shared feature of
different oncogenic drivers in cancer, but whether the mech-
anism of glutathione biosynthesis is associated with excess ri-
bosomal activity and substrate abundance is yet to be
determined. Further work will evaluate if ribosomal activity
is an absolute requirement for glutathione biosynthesis at
the initiation of neuroblastoma and other cancers. This will
not only reveal the sequence of events in cancer initiation
but will inform novel metabolic targeted therapies that poten-
tially inhibit both ribosomal and antioxidant activity.

antioxidant maternal

5. Conclusions

Here we have conducted a metabolomics analysis in an ani-
mal model of MYCN-driven neuroblastoma tumorigenesis.
We showed that upregulation of glutathione biosynthesis is
an important early change in metabolism that allows for cell
survival at the initiation of neuroblastoma. Future work
should focus on the relevance of these findings to human
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patients, in particular whether novel therapeutics targeting
aberrant glutathione and antioxidant activity can be devel-
oped for prevention or treatment of neuroblastoma.
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