
© The Author(s) 2018. Published by Oxford University Press on behalf of the Society for Neuro-Oncology. All rights reserved. 
For permissions, please e-mail: journals.permissions@oup.com

Neuro-Oncology
20(8), 1055–1067, 2018 | doi:10.1093/neuonc/noy012 | Advance Access date 2 February 2018

Glioblastoma (GBM; grade IV astrocytoma) is the most 
common malignant primary brain tumor in adults and rap-
idly lethal. Median GBM patient survival after diagnosis is 

only 14 months with standard of care.1 Contributing to our 
inability to cure this devastating disease is the highly het-
erogeneous landscape of GBM. Differences in genotype, 
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Abstract
Background: Depending on the level, differentiation state, and tumor stage, reactive nitrogen and oxygen species 
inhibit or increase cancer growth and tumor initiating cell maintenance. The rate-limiting enzyme in a pathway that 
can regulate reactive species production but has not been thoroughly investigated in glioblastoma (GBM; grade IV 
astrocytoma) is guanosine triphosphate (GTP) cyclohydrolase 1 (GCH1). We sought to define the role of GCH1 in 
the regulation of GBM growth and brain tumor initiating cell (BTIC) maintenance.
Methods: We examined GCH1 mRNA and protein expression in patient-derived xenografts, clinical samples, and 
glioma gene expression datasets. GCH1 levels were modulated using lentiviral expression systems, and effects on 
cell growth, self-renewal, reactive species production, and survival in orthotopic patient-derived xenograft models 
were determined.
Results: GCH1 was expressed in GBMs with elevated but not exclusive RNA and protein levels in BTICs in com-
parison to non-BTICs. Overexpression of GCH1 in GBM cells increased cell growth in vitro and decreased survival 
in an intracranial GBM mouse model. In converse experiments, GCH1 knockdown with short hairpin RNA led to 
GBM cell growth inhibition and reduced self-renewal in association with decreased CD44 expression. GCH1 was 
critical for controlling reactive species balance, including suppressing reactive oxygen species production, which 
mediated GCH1 cell growth effects. In silico analyses demonstrated that higher GCH1 levels in glioma patients cor-
relate with higher glioma grade, recurrence, and worse survival.
Conclusions: GCH1 expression in established GBMs is pro-tumorigenic, causing increased growth due, in part, to 
promotion of BTIC maintenance and suppression of reactive oxygen species.
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methylation, microenvironment, and cellular differen-
tiation state all contribute to variances in therapeutic 
response and patient outcome.2–4 The lack of targeted treat-
ment strategies for effective eradication of different tumor 
and cell subgroups is thought to contribute to treatment 
failures. Particularly, brain tumor initiating cells (BTICs) are 
a subpopulation of GBM cells that possess the vital ability 
to propagate tumors in immunocompromised mice, even 
when orthotopically injected at relatively low cell num-
bers.4–6 Previous studies showed that BTICs share certain 
similarities with neural stem cells, including the expres-
sion of stem cell markers, such as cluster of differentiation 
(CD)133 and CD44, and the capabilities for self-renewal and 
multiple lineage differentiation.4–6 Importantly, BTICs are 
resistant to conventional therapies, making them appeal-
ing targets for novel treatment strategies.3,7–9

GBM growth and BTIC maintenance are known to be 
regulated by free radicals with reactive oxygen or nitro-
gen, such as superoxide and nitric oxide (NO), respectively. 
Reactive oxygen species (ROS) and NO can mediate either 
pro- or anti-tumorigenic effects depending on concentra-
tion, duration, and cell state.10–12 For example, ROS have 
been suggested to both increase13 and decrease14,15 BTIC 
maintenance and tumorigenic potential, while NO pro-
duced by nitric oxide synthase 2 (NOS2) in BTICs and NOS3 
in the tumor endothelium were both shown to have pro-
tumorigenic and BTIC-maintaining effects.7,16 Increasing 
ROS often sensitizes BTICs to radio- and chemotherapy,14,15 
but the ratio of the types of ROS present is likely critical for 
mediating therapeutic response.17 NO induced by irradi-
ation promotes BTIC maintenance and therapeutic resist-
ance,18 but earlier studies sought to sensitize GBM cells 
to irradiation through elevation of NO to nonphysiologic 
levels with NO donors.19 Thus, although the majority of 
studies suggest an anti-tumorigenic effect of elevated 
ROS and a pro-tumorigenic effect for endogenous NO, 
context-dependent differences continue to increase our 
understanding of the contribution of ROS and NO to GBM 
and BTICs.

Guanosine triphosphate cyclohydrolase I  (GCH1) is 
known to contribute to the production of reactive spe-
cies, but its role in cancer is not well characterized. GCH1 
is the first, rate-limiting enzyme in a biosynthetic pathway 
producing tetrahydrobiopterin (BH4).20 BH4 is a required 
cofactor for NOS to generate NO, and, when GCH1 activ-
ity is decreased, NOS can become uncoupled, leading to 
superoxide production. Targeting this pathway has been 
suggested for cancer pain management,21 but very few 
studies have addressed the expression, activity, or function 

of the GCH1 pathway in cancer. One report demonstrated 
GCH1 expression in colon and skin cancer,22 and rat C6 
glioma cells expressed GCH1 with cytokine stimulation.23 
However, the levels or role of GCH1 in human gliomas or 
tumor initiating cells from any cancer have not been previ-
ously determined to our knowledge.

In this study, we sought to determine the expression and 
role of GCH1 in GBM and the BTIC fraction. We found that 
GCH1 was elevated in GBM patient sections in comparison 
to normal brains and that GCH1 was increased in but not 
limited to BTICs in comparison to non-BTICs isolated from 
the same xenograft. Our studies demonstrate that GCH1 
promotes GBM growth in vivo and correlates with increas-
ing glioma grade and poor glioma patient prognosis. Our 
report defines an important and novel role for GCH1 as a 
pro-tumorigenic factor in GBM, including through the pro-
motion of BTIC maintenance.

Materials and Methods

Cells and GBM Patient-Derived Xenografts

GBM patient-derived xenografts (PDX) were acquired from 
the Brain Tumor Core Facility (University of Alabama at 
Birmingham [UAB]) and as a kind gift from Dr. Darrel Bigner 
at Duke University. Xenografts, BTICs, and non-BTICs were 
propagated as previously described.7,24,25 Immortalized 
human astrocytes were maintained in Dulbecco’s modi-
fied Eagle’s medium (Invitrogen) supplemented with 10% 
fetal bovine serum, epidermal growth factor (EGF), and N2 
NeuroPlex. Immortalized neural progenitors ReNcell VM 
were purchased from Lonza and cultured in the BTIC condi-
tions above.

Extraction of mRNA, Generation of cDNA, and 
Quantitative PCR

Total mRNA from cells was harvested using the Illustra 
RNAspin mini kit (GE Healthcare) and synthesized into 
cDNA using the iScript cDNA Synthesis kit (BioRad). 
Quantitative PCR was performed on the generated 
cDNA with the SsoAdvanced Universal SYBR Green 
Supermix (BioRad). The relative expression of GCH1 
was measured using a primer pair that recognizes 
GCH1 cDNA (GGACTTGCTTGTTAGGAAGATAACC and 
ATGATGAGATGGTGATTGTGAAGGA). Expressions of 
other genes were measured using predesigned PrimePCR 

Importance of the study
Our study demonstrated for the first time the significant 
roles of GCH1 in glioma and in the tumor initiating cell 
fraction. We expand on prior literature indicating inhib-
ition or promotion of tumor growth and BTIC main-
tenance depending on nitric oxide and reactive 
oxygen species levels: GCH1 is described as an import-
ant regulator of reactive species in glioma, protecting 

cancer cells from oxidative damage and promoting 
GBM growth self-renewal. The correlation of GCH1 lev-
els with patient outcomes and the ability of GCH1 tar-
geting to inhibit tumor growth suggest that inhibition of 
GCH1 and/or its downstream pathways might be bene-
ficial as adjuvant therapy in combination with stand-
ards of care to improve glioma patient outcome.
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PCR primers (BioRad). The data were analyzed and normal-
ized against actin beta expression to determine relative 
expression of target genes.

Western Blotting and Antibodies

Cells were collected and lysed in M-PER (Mammalian 
Protein Extraction Reagent, Thermo Fisher Scientific). 
Protein concentration was determined with a bicinchoninic 
acid assay (Thermo Fisher Scientific). Protein lysate was 
denatured with Laemmli sample buffer (BioRad) 94°C, elec-
trophoresed on Mini-Protean Precast Gels (BioRad), and 
then transferred to polyvinylidene difluoride membranes 
(BioRad). Primary antibodies for western blot were mouse 
anti–human-GCH1 (Clone: 4A12, Abnova) and mouse anti–
α-tubulin (Sigma).

Gene Expression and Knockdown

Viral particles were produced by transient cotransfection of 
psPAX2, pCMV-VSVG, and a lentiviral vector into CSC293T 
cells as previously described.26 More information on plas-
mids is available in the Supplementary materials.

Measurement of Cell Growth

Cell numbers were determined indirectly using CellTiter-
Glo 2.0 Assay (Promega) according to the manufacturer’s 
instructions.

Neurosphere Formation Assay

The serially diluted cell suspensions were plated in 96-well 
plates and grown for 14 days to allow neurosphere forma-
tion. The percentage of wells that contain neurospheres 
was determined by counting under a light microscope. The 
Extreme Limiting Dilution Analysis tool27 was used to ana-
lyze and visualize the data.

Nitrite Measurement

Nitrite analysis of the cellular supernatant was measured 
by high performance liquid chromatography (ENO20, 
Eicom), and all values were normalized to total protein as 
previously described.28,29

H2O2 Measurement

H2O2 levels were measured using the ROS-Glo H2O2 kit 
(Promega) following the manufacturer’s manual, and all 
values were adjusted to cell titer measured using CellTiter-
Glo 2.0 Assay (Promega).

Intracranial Tumor Model

Cells were counted and equal numbers of viable cells sus-
pended in phosphate buffered saline (PBS). The cells were 
then intracranially injected into athymic nude mice. Mice 

were monitored for the development of neurologic signs 
daily. Mice were euthanized when they developed neuro-
logic signs or at experimental endpoints indicated in fig-
ure legends. Data were analyzed using GraphPad Prism 
6 software, employing the log-rank (Mantel–Cox) test to 
compare survival curves (P-values determine whether 
the survival distributions are statistically significantly dif-
ferent). Animal studies were approved by the Institutional 
Animal Care and Use Committee of UAB.

Histology

Collected tissues were fixed with 10% neutral buff-
ered formalin (Fisher), dehydrated with 30% sucrose 
in PBS solution, and preserved in 70% denatured etha-
nol. Paraffin blocks and staining were completed by 
the UAB Neuroscience Molecular Detection Core. 
Immunohistochemical staining was performed using the 
same antibodies indicated above for Western blotting.

In Silico Analysis

Publicly available clinical datasets were retrieved from The 
Cancer Genome Atlas (TCGA) and GlioVis.30 Correlations 
between GCH1 expression in patients and different clinical 
parameters, including but not limited to tumor grades and 
subtypes, were established.

Statistical Analysis

Data were processed in spreadsheets using Excel 
(Microsoft) and analyzed using GraphPad Prism 6 software. 
Data shown are representative of, or mean ± SD of, at least 
3 independent experiments. P-values were calculated as 
described in the figure legends with either Student’s t-test 
or log-rank analysis (see above).

Results

GCH1 Is Expressed in GBM and Elevated in but 
Not Exclusive to Brain Tumor Initiating Cells

To determine genes involved in reactive species signal-
ing that had not been previously characterized in GBM 
and were differentially expressed in the BTIC fraction, 
we performed quantitative real-time polymerase chain 
reaction (qRT-PCR) with an array of 80 genes implicated 
in control of reactive nitrogen and oxygen species levels 
or signaling. Differences in mRNA expression between 
xenograft-derived BTICs and non-BTICs determined 
GCH1 to be one of the top 5 genes with elevated expres-
sion in BTICs (Supplementary Fig. S1A, B). Additional 
qRT-PCR assays for GCH1 determined that GCH1 was 
expressed in GBM cells isolated from PDX encompass-
ing all GBM molecular subtypes and that expression was 
usually higher than that found in immortalized but non-
tumorigenic neural progenitors (Fig.  1A). Furthermore, 
GCH1 was significantly elevated in BTICs in comparison 
to non-BTICs in the majority of GBM xenografts tested 

https://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuro-oncology/noy012#supplementary-data
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
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Fig. 1 GCH1 is expressed in GBM and elevated in tumor initiating cells. (A) GCH1 mRNA level was measured in BTICs from the indicated 
GBM xenolines (red) and immortalized neural progenitor cells (black) using qRT-PCR (n = 7). (B) GCH1 mRNA levels in BTICs were compared 
with non-BTICs from GBM xenolines (n = 7); *P < 0.05. (C and D) Western blot analyses of GCH1 expression in BTICs versus non-BTICs from 
GBM xenolines (C) and in non-BTICs at multiples time points since cultured in non-BTIC condition (D). Numbers show relative expression of 
GCH1, normalized to tubulin expression, in comparison to the sample with lowest GCH1 expression. Quantification was done using ImageJ. (E) 
Immunohistochemistry of GCH1 in human GBM xenografts (GBM PDX D456, representative of n = 5) and in GBM patient specimens. Scorings of 
staining and more samples are available in the Supplementary material. Scale bars represent 0.1 mm. (F) Analysis of GCH1 expression in normal 
brain and tumor tissue with quantification provided by The Human Protein Atlas at http://www.proteinatlas.org (representative images, n = 3 
for cerebellum, cerebral cortex and lateral ventricle, n = 4 for low grade, and n = 7 for high-grade glioma). Complete sets of samples and their 
respective scorings are available in the Supplementary material. For all graphs, error bars represent standard deviations.

https://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuro-oncology/noy012#supplementary-data
http://www.proteinatlas.org
https://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuro-oncology/noy012#supplementary-data
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(Fig.  1B, Supplementary Fig. S1C). The presence of the 
BTIC-maintaining growth factors EGF and fibroblast 
growth factor (FGF) did cause a statistically significant 
increase in the expression of GCH1 in comparison to the 
absence of EGF and FGF (Supplementary Fig. S1D), but 
the fold change was not equivalent to that observed in 
the same cells in BTICs in comparison to non-BTICs (<1.4 
vs >5; Fig. 1B, Supplementary Fig. S1C). These data sug-
gest that media conditions can alter GCH1 levels but do 
not fully account for the differences in GCH1 expression 
observed with changes in differentiation state. In contrast 
to the results with GCH1, we found no significant differ-
ences in mRNA expression of 6-pyruvoyltetrahydropterin 
synthase (PTS) and sepiapterin reductase (SPR), other 
enzymes in the GCH/BH4 pathway (Supplementary Fig. 
S1E). Western blotting for total GCH1 confirmed GCH1 
expression in both BTICs and non-BTICs with increased 
GCH1 protein expression in the BTIC fraction across 
multiple GBM xenolines (Fig.  1C). GCH1 protein levels 
decreased in BTICs upon exposure to the differentiating 
agent fetal bovine serum (Fig.  1D), further validating a 
correlation between GCH1 and the GBM differentiation 
state. Immunostaining of tumor sections confirmed in 
vivo expression of GCH1 in both PDX models and patient 
biopsies (Fig.  1E, Supplementary Fig. S2). Importantly, 
patient sections demonstrated elevated GCH1 expression 
in GBM cells in comparison to the surrounding normal 
tissue as well as greater heterogeneity in GCH1 expres-
sion (Fig.  1E). Data from the Human Protein Atlas also 
showed minimal GCH1 expression in normal brain with 
GCH1 expression increasing with glioma grade (Fig.  1F, 
Supplementary Fig. S3).

Modulation of GCH1 Expression Regulates 
Glioblastoma Cell Growth In Vitro

To investigate the impact of GCH1 on BTICs, we utilized a 
lentiviral system to generate cells expressing GCH1 cDNA 
and 2 different GCH1 short hairpin (sh)RNAs (schematic 
in Supplementary Fig. S4A). Successful infection in the 
cDNA overexpression system was evidenced by resist-
ance to blasticidin S as well as fluorescence (data not 
shown). Overexpression of GCH1 was confirmed at the 
mRNA level using qRT-PCR and at the protein level using 
immunoblotting (Fig.  2A, Supplementary Fig. S2B). The 
human D456 and GBM157 cells and the mouse GL261 gli-
oma cells overexpressing GCH1 gained an in vitro growth 
advantage over vector control (Fig.  2B, Supplementary 
Fig. S4C). Effects of GCH1 overexpression in immortalized 
but nontumorigenic human astrocytes (NHA hTERT E7) 
were more modest (Supplementary Fig. S4C). In converse 
experiments, we successfully reduced GCH1 expression 
at both mRNA and protein levels in BTICs using consti-
tutively expressed shRNAs (Fig. 2C). Consistent with the 
overexpression results, GCH1 knockdown significantly 
reduced GBM xenoline growth in vitro (Fig.  2D). This 
effect was readily observed in BTICs cultured as spheres 
or on geltrex (data not shown). These data suggest that 
GCH1 elevation positively affects in vitro growth rates of 
both immortalized stromal cells and GBM cells but that 
GBM cells have more potent growth induction by GCH1 
overexpression.

GCH1 Regulates CD44 Expression and BTIC 
Maintenance

To assess the potential effects of GCH1 on BTIC marker 
expression, we performed in silico analyses across mul-
tiple datasets (Fig. 3A, Supplementary Fig. S5). The results 
established a positive correlation between the BTIC marker 
CD44 and GCH1 expression in patient gliomas (Fig.  3A, 
Supplementary Fig. S5A). Consistent with this finding, 
we also noted an elevation of GCH1 in the mesenchymal 
subset of both human (Fig. 3B, Supplementary Fig. S6A) 
and mouse (Supplementary Fig. S6B) gliomas. Analysis 
by qRT-PCR demonstrated significant increases in CD44 
levels in GBM cells with GCH1 elevation (Fig.  3C). An 
increase in CD44 protein expression was confirmed via 
western blot with the extent of the increase being vari-
able depending on the xenograft (Fig. 3C). Similarly, CD44 
mRNA and protein decreased when GCH1 was genetically 
targeted (Fig. 3D). Significant but less extensive changes 
in levels of the BTIC marker CD133 (PROM1) and the dif-
ferentiation marker glial fibrillary acidic protein were also 
observed with GCH1 modulation (Supplementary Fig. S5B, 
C). To determine if this change in BTIC marker expression 
correlated with a phenotypic shift, we evaluated the con-
sequences of GCH1 level changes in the in vitro limiting 
dilution assay. We found a significant increase in neuro-
sphere formation potential in D456 cells with GCH1 over-
expression (Fig. 3E). Furthermore, our data demonstrated 
that GCH1 knockdown significantly decreased neurosphere 
formation in vitro compared with a nontargeting control 
(Fig. 3F). Together these data indicate that GCH1 promotes 
BTIC self-renewal and is associated with CD44 expression.

GCH1 Is a Critical Regulator of Reactive Species 
in GBM Cells

Considering GCH1 can impact NOS function, we next 
investigated the effects of GCH1 modulation on NO lev-
els in GBM PDX cells. Overexpression of GCH1 caused a 
nonsignificant increase in NO levels (Supplementary Fig. 
S7A and data not shown), suggesting that expression of 
enzymes downstream of GCH1 could have become rate 
limiting when GCH1 was overexpressed. This would be 
consistent with another study in which interferon gamma–
induced GCH1 activity failed to increase NO level signifi-
cantly due to the rate-limiting effect of the downstream 
enzymes PTS and SPR.31 However, we did observe ele-
vated BH4 production in GCH1-overexpressing cells, dem-
onstrating that GCH1 overexpression was sufficient to alter 
levels of this NOS cofactor in GBM cells (Supplementary 
Fig. S7B). GCH1 knockdown also significantly decreased 
NO production in BTICs (Supplementary Fig. S7C) with a 
moderate overall change, demonstrating that GCH1 does 
play a role in reactive nitrogen species levels in GBM.

As decreased GCH1 activity may also lead to NOS 
uncoupling and superoxide production, we next evalu-
ated ROS production levels in BTICs with GCH1 modula-
tion. Measuring levels of hydrogen peroxide because it is 
a more stable ROS and is a product of reactions of other 
ROS, including superoxide, we found that GCH1 overex-
pression significantly decreased the levels of ROS more 
than 2-fold (Fig.  4A). The extent of antioxidant effects of 

http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuro-oncology/noy012/-/DC1
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GCH1 in astrocytes was marginal in comparison to that 
in GBM cells, again suggesting that astrocytes are less 
affected by changes in GCH1 expression (Supplementary 
Fig. S7D). In experiments where GCH1 levels were 
decreased with shRNA, ROS levels significantly increased 
(Fig.  4B). To more directly link the GCH1 growth advan-
tage to suppression of ROS levels, we treated GBM cells 
with hydrogen peroxide and found decreased levels of the 
proliferative marker phospho-histone H3 in vector but not 
GCH1-overexpressing cells (Supplementary Fig. S7E). We 
also found that daily treatment with a cell-permeable form 
of the antioxidant catalase was capable of rescuing the 
growth inhibitory effects of GCH1 knockdown in the short 
term (Supplementary Fig. S7F).

To investigate whether GCH1 effects on ROS levels in 
BTICs could be due to contributions from other antioxidant-
related pathways, we also performed proteomic analysis of 
cells with GCH1 overexpression. Our results suggested that 
elevation of GCH1 significantly increased levels of several 

proteins that reduce and/or detect oxidative stress in mul-
tiple compartments of the cell, including the mitochondria 
(Supplementary Fig. S8A). The relationships between GCH1 
and the identified proteins were further confirmed in our in 
silico analyses showing a positive correlation at the mRNA 
level across datasets (Fig. 4C, Supplementary Fig. S8B, C), 
including for Parkinsonism associated protein 7 (PARK7/
DJ-1)  (Fig.  4C, Supplementary Fig. S8C), an oxidative 
stress sensor implicated in glioma growth and invasion.32 
PARK7 mRNA and protein were confirmed to be signifi-
cantly but relatively moderately induced in vitro in GCH1-
overexpressing cells with more robust elevation in vivo 
(Fig.   4E, Supplementary Figure S8D). Importantly, eleva-
tion of PARK7 partially rescued the growth inhibitory effects 
of loss of GCH1 (Fig. 4F). As this rescue was not as substan-
tial as that observed with catalase, PARK7 is not likely to 
be the sole downstream target of GCH1. However, when we 
assessed patient outcomes in the context of both GCH1 and 
PARK7, GCH1lo/PARK7lo patients did have the best outcome 
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(Supplementary Fig. S9A). Even though survival was still 
predominantly dictated by GCH1 levels, PARK7 levels do 
increase with glioma grade (Supplementary Fig. S9B) but 
were consistent between all GBM subtypes (Supplementary 
Fig. S9C), in contrast to GCH1 expression, which was higher 
in the mesenchymal subtype. Together, our data suggest 
that GCH1 may affect different biological processes in GBM 
via multiple downstream pathways, including through 
ROS level regulation. Furthermore, GCH1 may have a more 

global impact on ROS detection and production in GBM 
than previously understood.

GCH1 Increases the Growth of GBM In Vivo and 
Targeting GCH1 Decreases Tumor Initiating 
Potential

We next sought to investigate the potential effects of 
GCH1 modulation on the in vivo tumorigenicity of GBM 
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cells. First, we intracranially injected D456 GBM cells 
expressing either the vector control or overexpressing 
GCH1 into the forebrains of athymic nude mice at different 
cell numbers and monitored animals daily for the devel-
opment of neurologic signs. Consistent with the effect 
suggested by the in vitro data, animal survival was sig-
nificantly decreased in mice injected with GBM PDX cells 

overexpressing GCH1 (Fig. 5A, Supplementary Fig. S10A, 
Supplementary Table S1). The presence of tumors was 
confirmed by histological staining of the harvested brains 
(Fig.  5B). To additionally visualize tumor growth, cells 
were engineered to express green fluorescent protein and 
luciferase and were subsequently infected with control 
or GCH1 cDNA. Monitoring bioluminescence over time, 
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we confirmed that GCH1 elevation in GBMs increased 
tumor growth (Fig. 5C, D). Targeting of GCH1 also potently 
inhibited BTIC tumorigenic potential in vivo, as mice 
injected with GCH1 shRNA–expressing cells did not 
develop neurologic signs over the course of the experi-
ment (Fig. 5E, F, Supplementary Fig. S10B, Supplementary 
Table S1). In contrast, animals injected with GBM cells 
expressing the nontargeting control developed tumors 
within 40  days (Fig.  5E, F, Supplementary Fig. S10B). 
These results were consistent with injection of either 500 
(Fig. 5A, E, Supplementary Table S1) or 5000 cells per ani-
mal (Supplementary Fig. S10A, B). Thus, our data demon-
strate a potent pro-tumorigenic role for GCH1 in GBM.

GCH1 Expression Correlates with Worse Glioma 
Diagnosis and Prognosis

Considering the xenograft survival data and our prior 
data demonstrating GCH1 expression in GBM patient 
sections (Figure  1E, F), we further evaluated GCH1 sig-
nificance for glioma patient outcomes. We performed 
in silico analyses on publicly available gene expres-
sion datasets to assess the clinical significance of dif-
ferential GCH1 expression. Data from the Repository 
for Molecular Brain Neoplasia Data (REMBRANDT) and 
TCGA showed that expression of GCH1 in glioma nega-
tively correlated with patient survival. Patients with 
high GCH1 mRNA levels in comparison to median have 
significantly worse prognosis (Fig.  6A). Assessment of 
data from the Liang and Neale datasets (retrieved using 
Oncomine platform33) also demonstrated that GCH1 
expression was increased in recurrent compared with 
primary brain tumors (Fig.  6B). In comparison to the 
glioma cytosine-phosphate-guanine island methylator 
phenotype (G-CIMP), GCH1 expression is higher with 
the non–G-CIMP subtype (Fig. 6C and data not shown), 
which has been associated with poor patient prognosis.34 
GCH1 expression is also elevated with increasing glioma 
grade, with highest expression in GBM as evidenced by 
TCGA and the Phillips, Frejie, and Sun datasets (Fig. 6D). 
GCH1 expression as an independent predictor of patient 
survival cannot be definitely derived from retrospective 
data. However, these data strongly suggest that elevated 
GCH1 level in human glioma patients is a negative prog-
nostic factor and implicates GCH1 in glioma progression.

Discussion

Here we demonstrate that GCH1 is elevated in GBM, where 
it promotes cell survival and BTIC maintenance due in 
part to regulation of CD44 expression and reduction of 
oxidative stress through a mechanism partially regulated 
by PARK7. Targeting of GCH1 resulted in decreased BTIC 
growth and self-renewal in vitro and tumorigenic potential 
in vivo, demonstrating a key role for GCH1 in the BTIC frac-
tion. However, GCH1 is not restricted to BTICs, suggesting 
that pathways explored here are likely relevant for other 
tumor cell subsets. As GCH1 initiates the pathway which 
produces the NOS cofactor BH4 and decreased GCH1 

activity can lead to superoxide production, our findings are 
consistent with previous reports showing pro-tumorigenic 
NO and anti-tumorigenic ROS roles in BTICs,7 as well as in 
other cancer types.11,35,36 Our study is the first of which we 
are aware to define a role for GCH1 in tumor initiating cells, 
particularly BTICs.

We found that reactive species balance is altered 
via modulation of GCH1 levels, where cells with higher 
GCH1 expression were able to effectively reduce oxida-
tive stress. Studies have established that cancer cells 
must endure higher oxidative stress than normal cells 
as a result of their malignant transformation, hence 
upregulation of antioxidant pathways is vital for their sur-
vival.37,38 A study on neural stem cells, which have been 
proposed as potential glioma cells of origin,39 also sug-
gested that, not unlike NO in BTICs, the effects of ROS on 
self-renewal properties of those cells were also depend-
ent on its levels: a moderate elevated level would act 
as second messenger to promote proliferative and self-
renewing properties, while a low level led to quiescence, 
and an excessive amount may cause toxicity.40 Studies 
in cancers, including GBM and leukemia, also revealed 
a similar requirement for redox control mechanisms in 
cancer cells.41,42 Combinations between ROS-generating 
agents and other compounds targeting proteasomes, epi-
genetic modifications, and DNA integrity have been pro-
posed as therapeutic strategies with improved antitumor 
efficacy.15,43 The differential expression of GCH1 between 
glioma tumors and normal tissue, together with the less 
substantial effects in astrocytes compared with tumor 
cells, suggests that glioma cells may be dependent on the 
GCH1 pathway for redox control. This indicates the poten-
tial for adjuvant therapies targeting GCH1 in combination 
with standard treatments, particularly irradiation, which 
also causes cellular damage by generating free radicals.

Our study demonstrated GCH1-mediated BTIC main-
tenance as evidenced by GCH1 effects on tumor cell 
self-renewal and tumorigenic potential. However, it is 
important to note the distinctions between the molecu-
lar mechanisms that support the malignant characteris-
tics of BTICs in an established tumor and those that drive 
de novo transformation.44 As GCH1 effects on nontrans-
formed astrocyte growth were minimal and GCH1 could 
potentially protect from reactive species–induced damage, 
GCH1 may not have a key role in the initial transformation 
events that generate tumor cells. However, GCH1 may con-
tribute to increased glioma grade once the cancer is estab-
lished, with GCH1 being co-opted by tumors to support 
their propagation through BTIC maintenance.

Although we have explored the role of GCH1 in BTIC 
maintenance through reactive species balance, GCH1-
dependent mechanisms contributing to GBM growth 
are likely multifaceted. Beyond the production of NO 
and superoxide,45,46 GCH1-mediated BH4 production is 
required for production of some neurotransmitters, includ-
ing L-DOPA. Dopamine receptor antagonists have shown 
significant efficacy against the growth of GBM cells in 
vitro, suggesting that there must be a GBM cell intrinsic 
pathway for dopamine signaling which would be expected 
to depend on GCH1. Dopamine receptor antagonists also 
inhibit the growth of orthotopic tumors when used in 
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combinatorial approaches,47 suggesting the benefit of 
dopamine signaling inhibition in GBM.48 Furthermore, the 
potential for GCH1 elevation to damage neurons and con-
tribute to cancer-induced pain provides another potential 

benefit for GCH1 inhibition in GBM.21,49 Therefore, further 
studies are needed to better understand the underlying 
mechanisms of GCH1-mediated tumor initiating cell main-
tenance and promotion of tumor growth.
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P-values. (B‒D) GCH1 mRNA expression in patient tumors from different datasets, grouped by recurrence status (B), G-CIMP status (C), and 
histological glioma grades (D). P-value shown with t-test comparison between pair of indicated samples.
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