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ABSTRACT Cerebellar development is a highly regulated process involving numer-
ous factors acting with high specificity, both temporally and by location. Part of this
process involves extensive proliferation of cerebellar granule neuron precursors
(CGNPs) induced by Sonic Hedgehog (SHH) signaling, but downstream effectors of
mitogenic signaling are still being elucidated. Using primary CGNP cultures, a well-
established model for SHH-driven proliferation, we show that SHH-treated CGNPs
feature high levels of hypoxia-inducible factor 1� (HIF1�), which is known to pro-
mote glycolysis, stemness, and angiogenesis. In CGNPs cultured under normoxic
conditions, HIF1� is posttranslationally stabilized in a manner dependent upon reac-
tive oxygen species (ROS) and NADPH oxidase (NOX), both of which are also up-
regulated in these cells. Inhibition of NOX activity resulted in HIF1� destabilization
and reduced levels of cyclin D2, a marker of CGNP proliferation. As CGNPs are the
putative cells of origin for the SHH subtype of medulloblastoma and aberrant SHH
signaling is implicated in other neoplasms, these studies may also have future rele-
vance in the context of cancer. Taken together, our findings suggest that a better
understanding of nonhypoxic HIF1� stabilization through NOX-induced ROS genera-
tion can provide insights into normal cell proliferation in cerebellar development
and SHH-driven cell proliferation in cancers with aberrant SHH signaling.
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The cerebellum, or “little brain,” comprises only �10% of the volume of the human
brain but contains over half of the neurons of the brain (1). While cerebellar roles

in coordination of sensory input and motor control have been established, roles in
cognitive function are also being discovered, further emphasizing the importance of
this part of the brain (2). The development of the cerebellum involves periods of rapid
growth and maturation controlled by a myriad of intricate signaling pathways (3). Much
of this cellular proliferation occurs postnatally, and the human cerebellum is not
completely developed until many months after birth (4). The highly proliferative nature
of cerebellar development renders this site susceptible to cellular transformation and
provides an excellent model system for research of central nervous system (CNS)
tumors (2). One example is medulloblastoma (MB), which is the most common solid
pediatric malignancy of the CNS. Notably, approximately 30% of all cases of medullo-
blastoma are characterized by perturbations in the expression of Sonic Hedgehog
(SHH) pathway components (5). Elucidating the processes underlying early cerebellar
development and aberrant SHH signaling is crucial in understanding both physiologic
and pathophysiologic SHH-driven proliferation.
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Cerebellar granule neuron precursors (CGNPs), neural progenitors arising in the
rhombic lip, are central to cerebellar maturation while also being the putative cells of
origin for SHH MB (2, 6, 7). At birth, the mouse 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 ligand is secreted by the Purkinje neurons and 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 (8, 9).
Binding of SHH to its receptor, Patched (PTCH), activates target genes in CGNPs that
drive proliferation and inhibit differentiation (7, 10, 11). Importantly, many of these
target genes have also been implicated in SHH medulloblastoma, including N-MYC,
GLI1, and YAP (12–14). Primary CGNPs derived from postnatal day 5 (P5) mice are a
well-established model for dissecting SHH mitogenic signaling (12, 15). These cells can
be cultured and treated with exogenous SHH to maintain them in a proliferative state
for up to 72 h.

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 developmental pathways and cancers (16–18).
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 (19–25). The
rapid degradation of HIF-1-alpha (HIF1�) is the rate-limiting step in HIF-1 activation,
and its stabilization has been an attractive area of research and a target for the
development of novel therapies (26, 27).

Most research on HIF1� is done in regard to oxygenation status. Conventionally,
under normoxic conditions, prolyl hydroxylases (PHDs) hydroxylate HIF1�, which is
then sequestered and marked for proteasomal degradation by the von Hippel-Lindau
(VHL) complex, a tumor-suppressive E3 ubiquitin ligase (28, 29). HIF1� is stabilized
under hypoxic conditions when its hydroxylation-driven degradation is inhibited. In-
terestingly, PHDs can be inhibited by reactive oxygen species (ROS), which interfere
with the ability of PHDs to tag HIF1� for degradation, leading to HIF1� stabilization
independent of hypoxia (30–36). Because PHD-mediated hydroxylation of HIF1� re-
quires ferrous iron (Fe2�) and elevated ROS within the cell favors the conversion to
ferric iron (Fe3�), ROS can hinder PHD function (37).

Potential regulators of ROS within proliferating CGNPs include the NADPH oxidase
(NOX) family of transmembrane proteins given their well-established enzymatic pro-
duction of cellular ROS and the extensive literature describing them as essential
modulators of signal transduction across various cell types (38, 39). The NOX family of
proteins uniquely produce ROS as their primary function (40). Currently, five NOX
homologues and two so-called dual oxidase (DUOX) enzymes featuring peroxidase
activity in addition to oxidase function have been identified in humans; they vary in the
amount/type/timing of ROS production and their organ-specific expression (41). NOX4
is the only member of the NOX family to display constitutive activation (42–44). Of note,
PHD inhibition/HIF1� accumulation resulting from NOX activity has been studied in
some cancer models (45). Extensive work has been done analyzing the relationship
between NOX4- and HIF1�-driven tumor progression (38, 39, 46, 47). Little is known of
how ROS, NOX, and HIF interact during cerebellar development, wherein the cells are
rapidly proliferating, express stem cell markers, and exhibit a glycolytic phenotype
(48, 49).

We used primary CGNP cultures to investigate potential interactions between SHH
signaling and HIF1�. Our results indicate that mitogenic SHH signaling upregulates
HIF1� but not at the mRNA level. Rather, we found that HIF1� is stabilized under
nonhypoxic conditions. Along with sustained cell cycle progression, SHH pathway
activation also increased ROS production in CGNPs. Our findings support NOX4-
produced ROS downstream of SHH as a key contributor to HIF1� stabilization. Taken
together, these observations suggest a role for ROS signaling in SHH-driven prolifera-
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tion, including HIF1� stabilization. Moreover, these results also suggest therapeutic
applications in SHH-driven cancers for targeting ROS production, which would desta-
bilize HIF1� and promote cell cycle exit.

RESULTS
HIF1� is upregulated at the protein level in SHH-treated CGNPs. We first aimed

to determine the level of HIF1� in SHH-stimulated CGNPs, since these cells feature
certain phenotypes attributable to HIF activity, including glycolysis and expression of
stem cell markers such as nestin. To this end, CGNPs from P5 mice were harvested and
vehicle- or SHH-treated for 48 h. Whole-cell protein lysates were generated and West-
ern blotting was performed according to standard methods (see Materials and Meth-
ods). CGNPs that were exposed to SHH displayed higher levels of HIF1� protein than
vehicle-treated CGNPs and CGNPs that were treated with both SHH and the Smooth-
ened inhibitor cyclopamine (Fig. 1A). Cyclin D1 is used as a proliferation marker and
confirms SHH pathway activation in CGNPs. Quantitative reverse transcription-PCR
(RT-PCR) experiments revealed there was no biologically significant change in HIF1�

gene expression compared to that of GLI1 as a positive control. (Fig. 1B). We surmise
that HIF1� is active since we observe upregulation of its established target, PKM2,
consistent with the glycolytic phenotype seen in CGNPs (48) and PHD2 and PHD3,
downstream targets of HIF1� that are also elevated in CGNPs (Fig. 1C and D).

As we observed no change in mRNA levels of HIF1�, we sought to determine
changes at the translational level of control. We therefore treated CGNPs with a

FIG 1 HIF1� protein is upregulated in SHH-treated CGNPs. (A) CGNPs were harvested from P5 WT mice and incubated for 48 h in the presence
of exogenous vehicle (Veh), SHH, or SHH plus cyclopamine (Cyc.). HIF1� levels were detected by immunoblotting and quantified using
densitometry (ImageJ). Cyclin D1 levels served as a positive control of SHH pathway activation. (B) Hif1� transcripts are not significantly elevated
in SHH-treated CGNPs in three sets of cDNA generated from separate CGNP RNA lysates. Gli1 is used as a positive control. (C) Transcripts of Pkm2,
an HIF1� target, are elevated in SHH-treated CGNPs. (D) PHD2 and PHD3, downstream targets of HIF1�, are elevated in CGNPs. Data are shown
as means � standard errors of the means (SEM). n � 3; *, P � 0.05; **, P � 0.01; ****, P � 0.0001.
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combination of SHH and the mTOR inhibitor rapamycin and observed a decrease in
HIF1� over time (Fig. 2). Reduced phosphorylation of ribosomal protein S6 (rpS6) serves
as confirmation of mTOR inhibition. This finding is consistent with previous work
regarding mTOR and HIF1�, indicating that SHH-induced HIF1� elevation occurs
posttranscriptionally (50). Rapamycin did not alter HIF1� mRNA expression. Even in the
presence of SHH, treatment of CGNPs with the protein synthesis inhibitor cyclohexmide
resulted in complete loss of HIF1� by 40 min (Fig. 2C and D).

SHH increases ROS production in CGNPs. Because of HIF1�’s known interactions
with oxygen regulation, we decided to investigate its relationship to reactive oxygen
species when the SHH pathway is activated. To test the hypothesis that ROS activity is
modified in response to SHH, we measured the relative concentration of ROS in CGNPs
treated with exogenous SHH compared to the levels of ROS in the vehicle-treated

FIG 2 HIF1� is posttranslationally upregulated in SHH-treated CGNPs. (A) Primary CGNPs were harvested from P5 WT mice and incubated
for 48 h in the presence or absence of exogenous SHH. HIF1� levels were detected by immunoblot analysis after treatment with rapamycin
(Rapa; 10 nM) for the indicated time intervals. Decreased phosphorylation of rpS6 served as a positive control of mTOR inhibition with
rapamycin. Cleaved caspase 3 (Cl. Casp. 3) levels were used to assess cell death. (B) Densitometric quantification (ImageJ) of HIF1� levels
depicted in panel A. (C) Rapamycin treatment does not significantly affect HIF1� mRNA expression. (D) Cycloheximide (Chx) treatment
(100 mg/ml) results in complete HIF1� degradation by 40 min. Data are shown as means � SEM. n � 3; *, P � 0.05; **, P � 0.01; ****,
P � 0.0001.
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CGNPs. We proceeded to thoroughly optimize a ROS assay using 5(and 6)-
chloromethyl-2’,7’-dichlorodihydro-fluorescein diacetate (CM-H2DCFDA) (Life Technol-
ogies). We also employed propidium iodide to gate out dead and dying cells according
to the strategy shown in Fig. S1 in the supplemental material. SHH-treated cells
consistently demonstrated a larger population of cells with higher ROS levels than
vehicle- or SHH-plus-cyclopamine-treated cells. (Fig. 3). Combined with previous data,
ROS induction resulting from SHH signaling follows the same pattern of increased
HIF1� protein levels due to SHH stimulation, suggesting a role for ROS in HIF1�

stabilization that we then further validated by treatment with the ROS scavenger
N-acetyl-L-cysteine (NAC).

Scavenging of ROS reduces HIF1� stabilization in SHH-treated CGNPs. With
evidence linking SHH to higher levels of intracellular ROS production in CGNPs, we
decided to scavenge these radicals using the antioxidant NAC in vitro and measured
effects on HIF1� stabilization. CGNPs were cultured in the presence or absence of
exogenous SHH (see Materials and Methods) in serum-free medium for 36 h before NAC
(10 mM) was added and then replenished every 6 h for the indicated total times (Fig.
4). All cells were collected, lysed, and analyzed via Western blotting. SHH treatment
alone showed the expected high levels of HIF1� and cyclin D1 protein, but levels of
both diminished with NAC treatment over time (Fig. 4). These data support the

FIG 3 Reactive oxygen species are elevated in SHH-treated CGNPs. CGNPs were harvested from P5 WT mice, treated with Veh, SHH, or SHH plus cyclopamine
(SHH�Cyc), and collected after 48 h. They were then stained with CM-H2DCFDA and propidium iodide as described in Materials and Methods and analyzed
by flow cytometry. Histograms from a representative experiment are shown with a marker showing the percentage of high-ROS events under each condition.
Data are shown as means � SEM. *, P � 0.05 (ratio-paired two-tailed t test; n � 3).
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involvement of SHH-induced ROS signaling in HIF1� hypoxia-independent regulation
in our systems. As expected, NAC treatment resulted in reduced ROS levels (Fig. S1B).

NADPH oxidase 4 is upregulated in SHH-treated CGNPs. We next focused on
identifying the source of ROS and decided to investigate the NADPH oxidase (NOX)
family of proteins, as they are potent producers of nonmitochondrial ROS. After
investigating several NADPH oxidases reported to be in the cerebellum, we found
NOX4 upregulated in CGNPs downstream of SHH at the protein level but not at the
mRNA level (Fig. 5A and B).

NOX regulates HIF1� at the protein level and is necessary for proliferation. We
next wished to determine whether NOX inhibition, like ROS scavenging, would be
sufficient to destabilize HIF1�. To this end, we used the NADPH oxidase inhibitor
apocynin to see if SHH-related NOX4 activity could be linked to HIF1�’s dependency on
ROS. We found HIF1� to be destabilized with several commonly used concentrations of
apocynin (Fig. 6). Exposure to apocynin resulted in reduced ROS (Fig. S1C). We also
screened a panel of short hairpin RNA (shRNA)-carrying lentiviruses predicted to target

FIG 4 ROS scavenger NAC reduces HIF1� protein in SHH-treated CGNPs. CGNPs were harvested from P5
WT mice and incubated for 48 h in the presence or absence of exogenous SHH. Experimental wells were
treated with 10 mM NAC every 6 h for up to 12 h. The cells were lysed and analyzed by Western blotting,
and HIF1� levels were measured by densitometry (ImageJ). Data are shown as means � SEM. n � 3; *,
P � 0.05.

FIG 5 NOX4 protein is elevated in SHH-treated CGNPs. (A) CGNPs were harvested from P5 WT mice and
incubated for 48 h in the presence of exogenous Veh, SHH, or SHH plus cyclopamine (Cyc.). NOX4
protein levels were detected by Western blotting and quantified by densitometry (ImageJ). Cyclin D1
levels served as a positive control of SHH pathway activation. (B) Nox4 gene expression in CGNP lysates
was performed by qPCR as described in Materials and Methods. Data are shown as means � SEM.
n � 3; *, P � 0.05.
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NOX4, and we observed that successful NOX4 knockdown was associated with reduc-
tion in HIF1� protein levels (Fig. 6B). Additionally, we found SHH-induced proliferation
was attenuated in response to apocynin, as shown by the reduction in cyclin D2 at the
protein level and GLI1 at the mRNA level (Fig. 6C) The observed reduction in GLI1 levels
is in keeping with CGNPs losing their responsiveness to the SHH ligand as they are
leaving the cell cycle (8).

DISCUSSION

The development of the cerebellum is a critical process mediated by SHH signaling.
Mouse cerebellar development occurs largely postnatally and has become an impor-
tant model for studying cerebellar development and SHH mitogenic signaling. Knowl-
edge gained about this important signaling pathway and the downstream effects of
SHH pathway activation can inform our understanding of cerebellar development and
SHH-driven tumors. For example, medulloblastoma is the most common CNS malig-
nancy among children, with approximately 30% of these tumors belonging to the Sonic
Hedgehog molecular subclass. Investigating regulation of molecules driving overpro-
liferation, such as inhibited differentiation, stemness, Warburg metabolism, and angio-
genesis, may lead to identification of such therapeutic targets. In this context, HIF1�

makes an attractive candidate due to the central role it plays in these hallmarks of
cancer (19–25). Although HIF1� has been studied in the context of neural stem cells, it
has not been explored in cerebellar progenitor cells, which have a defined cell fate yet
express certain stem cell markers (51–53).

We employed an in vitro cerebellar granule neuron precursor (CGNP) primary culture
system that allows us to closely study SHH mitogenic signaling and its downstream

FIG 6 NOX4 regulates HIF1� protein and is necessary for proliferation. CGNPs were harvested from P5 WT mice and
incubated for 48 h in the presence of exogenous Veh, SHH, or SHH plus apocyanine (Apo.). Several SHH-treated
wells were exposed to increasing doses of the NADPH oxidase inhibitor apocynin for 12 h prior to lysis. (A) Western
blot analysis of lysates obtained from the experiment. (B) CGNPs were harvested from P5 WT mice and incubated
for 48 h in the presence of exogenous Veh, SHH, and scrambled shRNA carrying lentiviruses (Scr), Nox4-targeting
shRNA lentiviruses produced using the clone numbers above the line or cyclopamine as indicated above the line.
Successful knockdown of Nox4 was associated with reduced HIF1� protein levels. (C) qPCR analysis of RNA
extracted from cells in the same experiment show a subsequent reduction in cell proliferation, as demonstrated by
Gli1 expression. Fold inductions are shown with vehicle as the control. Data are shown as means � SEM. n � 3; ****,
P � 0.001.
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interactions/effectors. We first examined HIF1� status in these cells and found that
SHH treatment resulted in HIF1� stabilization in the absence of mRNA increase.
Since CGNPs reside adjacent to the meninges, which houses a highly oxygenated
vascular network, we wished to investigate hypoxia-independent factors contrib-
uting to HIF1� stability. Accumulation of intracellular ROS has been shown to
hinder the process by which HIF1� is degraded, independent of the oxygenation
state (30–37, 54, 55). These reports are consistent with our finding that SHH
pathway induction in CGNPs results in a significant increase in ROS levels along with
marked HIF1� protein stabilization. Experiments aimed at directly sequestering ROS
used the antioxidant NAC. Administering NAC to SHH-treated CGNPs resulted in
diminished HIF1� levels.

The current literature supports the NOX family of proteins as being a significant
regulator of intracellular ROS production in a multitude of cancers (38–41, 56, 57), and
their activity has been linked to HIF1� stabilization (38, 39, 45–47). Indeed, we observed
upregulation of NOX4 in CGNPs; there was no change in other NOX family members
(data not shown). Taken together, our results indicate a role for NOX-generated ROS in
hypoxia-independent HIF1� stabilization. Preliminary findings and other studies sug-
gest that NOX4, one of the five human NOX homologues, is of particular interest within
our paradigm (58–65).

Overall, our work supports a role for intracellular ROS in hypoxia-independent HIF1�

stabilization in SHH-driven cerebellar progenitor cell proliferation (Fig. 7). These studies
have important translational implications for developing reagents targeting HIF1�

stabilization, such as novel antioxidant therapies, which could help elucidate novel
developmental pathways and supplement the current standard of care in SHH-
associated pathologies such as medulloblastoma, basal cell carcinoma, and a variety of
adult solid tumors.

MATERIALS AND METHODS
Animal studies. Harvest of cerebellar granule neuron precursors from P4 or P5 neonatal

wild-type (WT) mice and preparation of cerebella for cell culture or histological analysis were carried
out in compliance with the Emory University institutional animal care and use committee guidelines,
as was the harvest of tissue from NeuroD2-SmoA1 tumor-bearing mice. Mice used were not
discriminated based on sex.

Cerebellar granule neuron precursor culture. CGNP cultures were established as previously de-
scribed (8). Cells were plated on poly-DL-ornithine (Sigma)-precoated plates. Where indicated, an SHH
N-terminal fragment was used at a concentration of 3 �g/ml, and cyclopamine (R&D Systems) was used
at 1 �g/ml. Cells were seeded in 10% fetal bovine serum (FBS) N2 medium for 2 h before being switched
to serum-free N2 medium. Where indicated, NAC (Sigma), apocynin (Cayman Chemical), or rapamycin
(Sigma) was administered in serum-free medium at the stated concentration for the given duration, up
to 48 h of total culture. Notably, due to NAC’s short half-life, it was supplemented every 6 h during
treatment. For infection with shRNA-carrying lentiviruses, CGNPs were plated in SHH for 24 h, and then
the viral particles were added to the medium at a multiplicity of infection of 1. Particles were purchased

FIG 7 NOX4 and ROS promote HIF1� stabilization. Shown is a schematic illustrating how NOX4 and ROS
activity results in HIF1� protein accumulation in cells with elevated SHH activity.
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from Sigma. The clones purchased were TRCN0000076583, TRCN0000076584, TRCN0000076585,
TRCN000076586, and TRCN0000076587. A scrambled shRNA was also purchased.

Protein collection and immunoblotting. Cells or tissues were collected, washed once with 1�
phosphate-buffered saline (PBS), and then resuspended in complete lysis buffer. Whole-cell lysates were
generated as previously described (8). To preserve HIF1� protein, special care was taken during collection
with cells washed in ice-cold PBS and then collected by scraping in complete lysis buffer over ice. The
Bradford assay and the Coomassie plus protein assay reagent (Thermo Scientific) were used to estimate
protein concentrations. Twenty micrograms of protein from each sample was separated by SDS-PAGE on
8% or 10% gels and transferred to activated Immobilon polyvinylidene difluoride membranes (Millipore).
Western blotting was carried out according to standard protocols. Primary antibodies used include
anti-HIF1� (Novus Biologicals), anti-Nox4 (Abcam), anti-cleaved caspase-3 (Cell Signaling), anti-rpS6 (Cell
Signaling), anti-cyclin D1 (Abcam), anti-cyclin D2 (Santa Cruz), anti-phospho-rpS6 (Cell Signaling), and
anti-�-actin (Sigma). Horseradish peroxidase-conjugated secondary antibodies used were donkey anti-
mouse (Jackson ImmunoResearch, Inc.) and goat anti-rabbit (Pierce) antibodies. Western blots were
developed using ECL reagent (Thermo Scientific) and then exposing membranes to GE-Amersham
chemiluminescence film for various periods of time to achieve optimal saturation. Quantification of
relative protein levels was done by densitometry using ImageJ software (NIH).

RT-qPCR. CGNP lysates were collected in TRIzol (Life Technologies), and RNA was extracted accord-
ing to the manufacturer’s protocol. cDNA was then synthesized using the high-capacity cDNA reverse
transcription kit (Applied Biosystems) according to the manufacturer’s protocol. Twenty nanograms of
cDNA was added per well with the Bio-Rad SsoAdvanced universal SYBR green supermix and appropriate
primer assay for the gene of interest. Primer assays purchased from Bio-Rad were for mRNA transcripts
of GLI1, Hif1�, and Nox4 and the endogenous controls Actb and Gusb. With no available primer assay for
Pkm2, custom primers for Pkm2 (forward, 5=-TCGCATGCAGCACCTGATT-3=; reverse, 5=-CCTCGAATAGCT
GCAAGTGGTA-3=) (66) were ordered from Operon and added to the quantitative PCR (qPCR) assay at a
concentration of 10 nM. The manufacturer’s protocol was followed, and qPCR was performed on a
Bio-Rad CFX96 thermocycler with the fluorescent detection module. Analysis was done according to the
ΔΔCT method (where is CT threshold cycle) of measuring relative gene expression. The runs were
analyzed on a Bio-Rad CFX manager software, and three replicate runs were combined into gene studies
adhering to MIQE standards.

Reactive oxygen species assay. CGNPs were cultured as stated above in 6-well plates. At 48 h,
CGNPs were washed in warm 1� PBS and harvested by trypsinization (250 �l of 0.05% trypsin). Ten
percent FBS N2 medium was added to stop trypsinization, and cells were transferred to 1.5-ml tubes,
where they were washed in warm 1� PBS, pelleted, and resuspended in warm 1� Hanks’ balanced salt
solution (HBSS) and transferred to black 1.5-ml tubes, where 2 �l of 10 �M CM-H2DCFDA (Life Technol-
ogies) solution was added. Samples were placed in a cell incubator (37°C) with high relative humidity
(95%) and controlled CO2 level (5%) in the dark for 45 min. CGNPs were resuspended by pipetting,
propidium iodide was added to a concentration of 1 �g/ml, and 200-�l aliquots were added to a 96-well
plate and analyzed by flow cytometry on a Beckman Coulter Cytoflex at the Emory University Pediatrics
Flow Cytometry Core. CM-H2DCFDA was analyzed on the fluorescein isothiocyanate channel, and
propidium iodide was analyzed on the peridinin chlorophyll protein channel. All conditions in each run
were subject to the same gain settings. Once the CGNP population was gated in and doublets gated out,
the remaining propidium iodide-positive population denoting dead cells was excluded. Five thousand
events were then selected from the remaining live population under each condition, and a marker for
the high-ROS population was created for each experimental condition covering the same range of signal
strength in the FCS Express 6 software (De Novo Software).

Statistical analysis. Statistical analysis was performed using Prism 6 (GraphPad Software, Inc.) or FCS
Express 6 (De Novo Software) and Bio-Rad CFX manager for flow cytometry and qPCR analyses,
respectively.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/MCB

.00268-18.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
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63. Przybylska D, Janiszewska D, Goździk A, Bielak-Zmijewska A, Sunderland
P, Sikora E, Mosieniak G. 2016. NOX4 downregulation leads to senes-
cence of human vascular smooth muscle cells. Oncotarget
7:66429 – 66443. https://doi.org/10.18632/oncotarget.12079.

64. Serrander L, Cartier L, Bedard K, Banfi B, Lardy B, Plastre O, Sienkiewicz
A, Forro L, Schlegel W, Krause KH. 2007. NOX4 activity is determined by
mRNA levels and reveals a unique pattern of ROS generation. Biochem
J 406:105–114. https://doi.org/10.1042/BJ20061903.

65. Tanaka M, Miura Y, Numanami H, Karnan S, Ota A, Konishi H, Hosokawa
Y, Hanyuda M. 2015. Inhibition of NADPH oxidase 4 induces apoptosis in
malignant mesothelioma: role of reactive oxygen species. Oncol Rep
34:1726 –1732. https://doi.org/10.3892/or.2015.4155.

66. Panasyuk G, Espeillac C, Chauvin C, Pradelli LA, Horie Y, Suzuki A,
Annicotte JS, Fajas L, Foretz M, Verdeguer F, Pontoglio M, Ferre P,
Scoazec JY, Birnbaum MJ, Ricci JE, Pende M. 2012. PPARgamma contrib-
utes to PKM2 and HK2 expression in fatty liver. Nat Commun 3:672.
https://doi.org/10.1038/ncomms1667.

ROS Stabilize HIF1� in Cerebellar Progenitors Molecular and Cellular Biology

April 2019 Volume 39 Issue 8 e00268-18 mcb.asm.org 11

https://doi.org/10.1073/pnas.130135897
https://doi.org/10.1089/ars.2008.2383
https://doi.org/10.1089/ars.2008.2383
https://doi.org/10.1074/jbc.M111.332494
https://doi.org/10.1016/j.toxlet.2013.10.029
https://doi.org/10.1371/journal.pone.0048393
https://doi.org/10.1371/journal.pone.0048393
https://doi.org/10.1016/j.freeradbiomed.2013.11.005
https://doi.org/10.1007/s00401-012-0968-6
https://doi.org/10.1016/j.tcb.2008.01.006
https://doi.org/10.1111/jnc.12204
https://doi.org/10.1016/j.juro.2013.10.096
https://doi.org/10.1007/s10571-010-9561-5
https://doi.org/10.18632/oncotarget.5779
https://doi.org/10.18632/oncotarget.5779
https://doi.org/10.1158/0008-5472.CAN-07-0783
https://doi.org/10.1158/0008-5472.CAN-07-0783
https://doi.org/10.1016/j.redox.2015.12.002
https://doi.org/10.1016/j.redox.2015.12.002
https://doi.org/10.1042/CS20140542
https://doi.org/10.1161/01.ATV.0000258979.92828.bc
https://doi.org/10.1089/ars.2009.3014
https://doi.org/10.1111/apha.12625
https://doi.org/10.1111/apha.12625
https://doi.org/10.1371/journal.pone.0023945
https://doi.org/10.2337/db09-1057
https://doi.org/10.18632/oncotarget.12079
https://doi.org/10.1042/BJ20061903
https://doi.org/10.3892/or.2015.4155
https://doi.org/10.1038/ncomms1667
https://mcb.asm.org

	RESULTS
	HIF1 is upregulated at the protein level in SHH-treated CGNPs. 
	SHH increases ROS production in CGNPs. 
	Scavenging of ROS reduces HIF1 stabilization in SHH-treated CGNPs. 
	NADPH oxidase 4 is upregulated in SHH-treated CGNPs. 
	NOX regulates HIF1 at the protein level and is necessary for proliferation. 

	DISCUSSION
	MATERIALS AND METHODS
	Animal studies. 
	Cerebellar granule neuron precursor culture. 
	Protein collection and immunoblotting. 
	RT-qPCR. 
	Reactive oxygen species assay. 
	Statistical analysis. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

