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FORUM ORIGINAL RESEARCH COMMUNICATION

Nicotinamide Adenine Dinucleotide Phosphate Oxidase
Promotes Glioblastoma Radiation Resistance
in a Phosphate and Tensin Homolog-Dependent Manner

Kirsten Ludwig,1,* Janel E. Le Belle,1,2 Sree Deepthi Muthukrishnan,1 Jantzen Sperry,1

Michael Condro,1 Erina Vlashi,3,4 Frank Pajonk,3,4 and Harley I. Kornblum1,4

Abstract

Aims: The goal of this study was to determine whether nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase (NOX)-produced reactive oxygen species (ROS) enhance brain tumor growth of glioblastoma (GBM)
under hypoxic conditions and during radiation treatment.
Results: Exogenous ROS promoted brain tumor growth in gliomasphere cultures that expressed functional phosphate
and tensin homolog (PTEN), but not in tumors that were PTEN deficient. Hypoxia induced the production of en-
dogenous cytoplasmic ROS and tumor cell growth via activation of NOX. NOX activation resulted in oxidation of
PTEN and downstream protein kinase B (Akt) activation. Radiation also promoted ROS production via NOX, which, in
turn, resulted in cellular protection that could be abrogated by knockdown of the key NOX component, p22. Knock-
down of p22 also inhibited tumor growth and enhanced the efficacy of radiation in PTEN-expressing GBM cells.
Innovation: While other studies have implicated NOX function in GBM models, this study demonstrates NOX
activation and function under physiological hypoxia and following radiation in GBM, two conditions that are
seen in patients. NOX plays an important role in a PTEN-expressing GBM model system, but not in PTEN-
nonfunctional systems, and provides a potential, patient-specific therapeutic opportunity.
Conclusion: This study provides a strong basis for pursuing NOX inhibition in PTEN-expressing GBM cells as
a possible adjunct to radiation therapy. Antioxid. Redox Signal. 39, 890–903.
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Introduction

Glioblastoma (GBM) is a devastating disease, with a
median survival of only 12–15 months. While the cur-

rent standard of care of maximal surgical resection followed
by radiation and chemotherapy with temozolomide prolongs
life, tumors virtually always recur (Vilar et al., 2022). The
mechanisms of this recurrence are multifaceted and may in-
clude cellular plasticity that is induced by chemotherapy and
radiotherapy, as well as stem-like cells within tumors that are
inherently resistant to these treatments, the so-called glioma
stem cell (GSC) (Ludwig and Kornblum, 2017).

Although the cell of origin of GSC is unclear and po-
tentially varied, these cells have some of the properties of
neural stem cells (NSC), including their ability to self-
renew and grow as gliomaspheres in a relatively simple,
defined medium under the mitogenic control of added
epidermal growth factor (EGF) and basic fibroblast growth
factor (FGF) (Hemmati et al., 2003). Prior work in NSC
biology has proven a role for the activation of the phos-
phoinositide 3-kinase (PI3K)/protein kinase B (Akt) path-
way in normal NSC proliferation, including self-renewal,
and maintenance of neurogenesis (Groszer et al., 2006;
Groszer et al., 2001).
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One means by which exogenous factors can influence this
pathway is through the activation of the nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (NOX) complex.
NOX is found in abundance in many cell types, and its activation
in neutrophils results in killing of the engulfed bacteria (Vermot
et al., 2021). In NSC, as well as a variety of cancers, NOX is
activated by growth factors and other means, to oxidatively in-
activate the phosphate and tensin homolog (PTEN) protein, re-
sulting in enhanced Akt and mammalian target of rapamycin
(mTOR) activity (Le Belle et al., 2014; Le Belle et al., 2011).

The GBM microenvironment is primed to activate NOX,
given the common occurrence of hypoxia and the presence of
several growth factors and cytokines that are often associated
with GBM (Rodriguez et al., 2022). Furthermore, radiation, a
mainstay treatment modality for GBM, has been demonstrated
to activate NOX (Mortezaee et al., 2019). Therefore, we hy-
pothesized that NOX activation could play an important role in
GBM growth and resistance to radiation therapy. Indeed, a
prior report using model systems has provided some evidence
for the former (Cao et al., 2022; Su et al., 2021). In this study,
we examine the role of NOX activation in GBM cells and
found that both hypoxia and radiation induce NOX activity to
inactivate PTEN, enhance Akt phosphorylation, and promote
survival (Graphical Summary Illustration). Reducing NOX
activity resulted in slower tumor growth in vivo and enhanced
radiosensitivity in PTEN-expressing GBM tumors. These
findings suggest that inhibition of NOX activation is a poten-
tial therapeutic target in PTEN-functional GBM.

Results

Prior work has shown that modestly elevated reactive
oxygen species (ROS) levels (between one and two-fold in-
crease over endogenous levels) promote proliferation in

Color images are available online.

Innovation

While other studies have implicated nicotinamide ad-
enine dinucleotide phosphate (NADPH) oxidase (NOX)
function in glioblastoma (GBM) models, the current study
demonstrates NOX activation and function under physi-
ological hypoxia and following radiation in GBM, two
conditions that are clinically relevant. NOX plays an
important role in a phosphate and tensin homolog
(PTEN)-expressing GBM model system, but not in
PTEN-nonfunctional systems, and provides a potential,
patient-specific therapeutic opportunity.
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cancer and nontransformed cells, including neural progeni-
tors (Le Belle et al., 2014; Le Belle et al., 2011). Using pri-
mary GBM lines, we found that cells with higher endogenous
ROS levels significantly correlated with faster doubling time
(Fig. 1A), suggesting that ROS may play a role in regulating
cell numbers. Since this is a correlation and does not show
causation, we decided to directly test our hypothesis. We
have previously shown that ROS-induced proliferation in
NSC occurs in a PI3K/Akt-dependent manner (Le Belle et al.,
2011). In GBM, we found that treating cells that express
functional PTEN with hydrogen peroxide (H2O2) (Supple-
mentary Fig. S1A–C) resulted in increased cell numbers
(Fig. 1B and Supplementary Fig. S2A–C).

In contrast, treatment of lines that lack functional PTEN
with H2O2 resulted in no significant changes (Fig. 1B and
Supplementary Fig. S2D–F), despite elevated ROS levels
(Fig. 1C) in both PTEN-functional (Supplementary Fig. S3A–
C) and PTEN-nonfunctional (Supplementary Fig. S3D–F)
lines. Conversely, decreasing ROS levels via the antioxidant
N-acetylcysteine (NAC) (Fig. 1C) resulted in decreased cell
numbers in PTEN-functional lines with no change in PTEN-
nonfunctional lines (Fig. 1B). Because PTEN function may not
be the only difference between these lines, we used short
hairpin RNA (shRNA) to knock down PTEN (Supplementary
Fig. S4A, B). Treatment of cultures with the PTEN shRNAs
that efficiently knocked down PTEN protein (sh1 and sh2)
resulted in increased cell numbers, while the two constructs
that failed to significantly knock down PTEN (sh3 and sh4)
produced no functional effect (Supplementary Fig. S4A–C).

Furthermore, knocking down PTEN prevented the ROS-
induced increase in cell numbers in all three PTEN-
functional lines (Fig. 1D and Supplementary Fig. S5A–C),
with little effect in the three PTEN-nonfunctional lines
(Supplementary Fig. S5D–F). Similarly, lowering ROS lev-
els via NAC decreased cell numbers only in control cells, but
not in the PTEN knock down (KD) cells (Fig. 1D and Sup-
plementary Fig. S5). No difference in ROS levels was found
between the shCON and shPTEN groups (Fig. 1E and Sup-
plementary Fig. S6A–F), suggesting that the changes are
directly connected to PTEN. Taken together, these data
support a role for ROS producing increased cell numbers in
patient-derived GBM lines in a PTEN-dependent manner.

Increased ROS levels, such as addition of H2O2, have been
shown to oxidize PTEN resulting in its reversible inactivation
due to the creation of covalent disulfide bonds between

cysteine residues (Lee et al., 2002). However, this oxidation
event has rarely been documented in cells under biologically
relevant conditions, such as hypoxia. Cancer cells are often
found in hypoxic environments, which have been shown to
paradoxically increase ROS levels (Rodriguez et al., 2022).
To address the effects of hypoxia on ROS production, GBM
cells were grown under low oxygen (1% O2) or room air
oxygen concentration as described in the Materials and
Methods section and then subsequently examined. Incubation
in low oxygen resulted in PTEN oxidation and increased Akt
phosphorylation (Fig. 2A and Supplementary Fig. S7A, B)
pointing to PTEN inactivation under hypoxic conditions.

Low oxygen conditions also resulted in increased ROS
levels in both control and PTEN-knockdown cells, but the
hypoxia-induced increase in cell numbers was only observed
in the PTEN-functional lines with little effect on the PTEN-
knockdown lines (Fig. 2B, C and Supplementary Figs. S8
and S9). Furthermore, when PTEN-functional and PTEN-
nonfunctional lines were grown under hypoxic conditions,
only the PTEN-functional lines increased in cell num-
bers, with no significant effect on PTEN-nonfunctional lines
(Fig. 2D, E and Supplementary Fig. S10), although ROS
levels universally increased under hypoxia (Supplementary
Figs. S11A, B and S12A–F). Together these observations
suggest that PTEN inactivation by the hypoxia-induced ROS
might be driving the enhanced cell numbers of PTEN-
functional cells under low oxygen conditions.

When PTEN-functional cells grown in low oxygen were
treated with either NAC or the NOX inhibitor, apocynin
(APO), it prevented the hypoxia-induced increase in cell
numbers, again suggesting a role for ROS in this response and
that NOX activation might contribute to the increased ROS
levels. Treating cells with H2O2 under hypoxic conditions
did not further increase cell numbers, suggesting that hyp-
oxia results in a level of ROS that maximally increases
cell numbers. Treatment with the PI3K inhibitor, LY294002
(LY), also prevented the hypoxia-induced increase in cell
numbers, independent of ROS levels in PTEN-functional and
PTEN-nonfunctional lines (Fig. 2D, E and Supplementary
Figs. S11A, B and S12A–F).

When PTEN-functional cells were grown under low oxy-
gen, PTEN was oxidized, and this was accompanied by an
increase in Akt phosphorylation (Fig. 2F), which was pre-
vented by NAC or APO treatment (Fig. 2F and Supplemen-
tary Fig. S13A, B). Importantly, LY treatment of hypoxic

‰
FIG. 1. ROS-induced proliferation requires PTEN. (A) The Pearson correlation coefficient of endogenous ROS levels
with relative doubling time in HK157, HK217, HK229, HK296, HK350, HK351, HK374, HK382, and HK393 cells.
p = 0.003. (B) Changes in cell number were determined with a CCK-8 assay following treatment with 10 lM H2O2 or 1 mM
NAC for 5 days in three PTEN-functional lines (HK157, HK339, and HK374) and three PTEN-nonfunctional lines (HK217,
HK229, and HK296). Average values of all three lines were used to calculate data. n = 3, dots represent individual cell lines.
**p < 0.1, ****p < 0.001. (C) Changes in ROS levels were determined with CellROX Green following treatment with 10 lM
H2O2 or 1 mM NAC for 5 days in three PTEN-functional lines (HK157, HK339, and HK374) and three PTEN-nonfunctional
lines (HK217, HK229, and HK296). Average values of all three lines were used to calculate data. n = 3, dots represent
individual cell lines. ****p < 0.001. (D) Changes in cell number were determined with a CCK-8 assay following shCON or
shPTEN treatment with 10 lM H2O2 or 1 mM NAC for 5 days in three PTEN-functional lines (HK157, HK339, and HK374)
and three PTEN-nonfunctional lines (HK217, HK229, and HK296). Average values of all three lines were used to calculate
data. n = 3, dots represent individual cell lines. **p < 0.1, ****p < 0.001. (E) Changes in ROS levels were determined with
CellROX Green following shCON or shPTEN treatment with 10 lM H2O2 or 1 mM NAC for 5 days in three PTEN-
functional lines (HK157, HK339, and HK374) and three PTEN-nonfunctional lines (HK217, HK229, and HK296). Average
values of all three lines were used to calculate data. n = 3, dots represent individual cell lines. ****p < 0.001. CCK-8, Cell
Counting Kit-8; H2O2, hydrogen peroxide; NAC, N-acetylcysteine. Color images are available online.
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cells resulted in diminished Akt phosphorylation but did
not prevent PTEN oxidation (Fig. 2F and Supplementary
Fig. S13A, B). LY treatment also resulted in decreased cell
numbers, although it had no effect of ROS levels (Fig. 2D, E
and Supplementary Figs. S11A, B and S12A–F).

These findings suggest that the ROS-induced response may
be dependent on the oxidation and inactivation of PTEN re-
sulting in an increase in activation of the Akt pathway. Alto-
gether, our data suggest that elevated ROS levels, whether via

exogenous administration of H2O2 or induction of ROS under
low oxygen conditions, oxidatively inactivate PTEN, resulting
in enhanced Akt activity, and a subsequent increase in GBM
cell numbers. The observation that APO, an inhibitor of NOX,
which is a major contributor to intracellular ROS production
(Mortezaee et al., 2019), recapitulates the effects of NAC led
to the hypothesis that NOX activity may be involved.

NOX is a complex of proteins with several different iso-
types to each component. NOX2 and p22 are localized to the
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cellular membrane, and upon activation of Rac1, the cytosolic
components of NOX (p40, p47, and p60) translocate to the
membrane-bound complexes. This binding results in activation
of NOX and generation of ROS. There are five different iso-
types of NOX, as well as two isotypes of dual oxidase (DUOX),
all of which produce superoxide, which is quickly converted to
H2O2 (Mortezaee et al., 2019). In our lines, all components of
the NOX complex were expressed regardless of the PTEN
status, with NOX4 having the highest expression in both lines
(Fig. 3A). NOX4 is unique among the family of proteins, as it
does not require the cytosolic components to become acti-
vated, only membrane-bound p22 (Mortezaee et al., 2019).

Analysis of GlioVis data (Bowman et al., 2017) showed
that CYBA (NOX2, P04839), CYBB (p22, P13498), and
NOX4 (Q9NPH5) are all upregulated in GBM relative to
non-tumor tissue (Fig. 3B). To directly address the role of
NOX in our observations, we targeted p22 with shRNA
(Supplementary Fig. S14A–C), given its role in the activation
of both, NOX2 and NOX4. Knockdown of p22 in a PTEN-
functional line resulted in decreased cell numbers (Fig. 3C
and Supplementary Fig. S14D) and ROS levels (Supple-
mentary Figs. S14E and S15A). Our data suggest that
the effects of p22 knockdown are most likely due to its NOX
activity, as the addition of APO had little effect on cell num-
bers, while H2O2 partially rescues the phenotype (Fig. 3C).

The lack of complete rescue is most likely due to the
transient effect of H2O2 in a cell that has constitutively lower
ROS levels due to the absence of p22. It is also possible that
p22 plays a role in other functions beside ROS production.
Knockdown of p22 in a PTEN-nonfunctional line did de-
crease ROS levels (Supplementary Fig. S15) but had minimal
effect on cell numbers (Fig. 3C), highlighting the importance
of PTEN in this pathway. Similar effects were observed with
the three different shp22 constructs that resulted in 60% or
more knockdown, while treatment with ineffective constructs
had no biological effects (Supplementary Fig. S14).

The loss of p22 in a PTEN-functional line under hypoxic
conditions resulted in decreased cell numbers (Fig. 3D), ROS
levels (Supplementary Fig. S16A), as well as PTEN oxida-
tion and Akt phosphorylation (T308) (Fig. 3E and Supple-
mentary Fig. S17A–C). Consistently, the change in cell
numbers in response to hypoxia was not observed in a PTEN-
nonfunctional line (Fig. 3D). It is important to note that p22

knockdown was not able to completely protect cells from
ROS production, as hypoxia most likely induces ROS pro-
duction through alternative mechanisms (Bekhet and Eid,
2021). Our data suggest that NOX is a major contributor to
ROS production in GBM cells, and likely to the ROS-induced
effects; however, it is not the sole source of ROS. NOX-
induced ROS seems to contribute to PTEN inactivation via
oxidation and subsequent Akt phosphorylation, especially
under hypoxia, resulting in elevated cell numbers under room
air and low-oxygen conditions.

Radiation, a mainstay of glioma treatment, induces high
levels of intracellular ROS that can ultimately result in cell
death and senescence (Chen et al., 2021). However, a sub-
population of glioma cells are refractory to radiation treat-
ment and, in fact, demonstrate enhanced stem cell-like
characteristics following radiation. These cells are the likely
seeds of recurrence following radiation (Ludwig and Korn-
blum, 2017). The NOX complex of proteins has been shown
to play a role in radioresistance in a variety of tumor cells
(Mortezaee et al., 2019). However, the mechanism of how
NOX promotes resistance to radiation is poorly understood.
We hypothesized that our proposed NOX-PTEN axis may
play a role in radiation resistance. We found that a single dose
of radiation significantly increased the mRNA expression of
NOX4 (Fig. 4A).

Knocking down p22 resulted in decreased cell num-
bers following radiation only in the PTEN-functional lines
(Fig. 4B), even though ROS levels were altered in both a
PTEN-functional and nonfunctional line (Fig. 4C), suggest-
ing that NOX is playing a radioprotective role in PTEN-
functional GBM cells. In a PTEN-functional setting, PTEN
oxidation was induced by radiation, which corresponded with
an increase in Akt activation (Fig. 4D and Supplementary
Fig. S18A–C). However, the radiation-induced oxidation of
PTEN, and Akt activation, did not occur in the absence of
p22, suggesting that the PTEN oxidation following radiation
exposure of GBM cells is mediated by the NOX complex and
is not a direct effect of radiation.

Consistent with our previous data, no change was seen in
the PTEN-nonfunctional cells. Knocking down p22 in a
PTEN-functional line enhanced the negative effects of radi-
ation on cell numbers, whereas it made no difference in a
PTEN-nonfunctional line, despite similar effects on ROS

‰
FIG. 2. Low oxygen promotes PTEN oxidation and ROS-induced proliferation. (A) Western blot of shCON and
shPTEN cells (HK157) grown under RA or 1% O2 for 5 days indicating PTEN oxidation and total and phospho-Akt with
actin used as a loading control. PTEN quantitation is of oxidized PTEN. Image is representative n = 3. (B) Changes in cell
number were determined with a CCK-8 assay following shCON or shPTEN treatment in three PTEN-functional lines
(HK157, HK339, and HK374) and three PTEN-nonfunctional lines (HK217, HK229, and HK296) grown under RA or 1%
O2 for 5 days. Average values of all three lines were used to calculate data. n = 3, dots represent individual cell lines.
***p < 0.01. (C) Changes in ROS levels were determined with CellROX Green following shCON or shPTEN treatment in
three PTEN-functional lines (HK157, HK339, and HK374) and three PTEN-nonfunctional lines (HK217, HK229, and
HK296) grown under RA or 1% O2 for 5 days. Average values of all three lines were used to calculate data. n = 3, dots
represent individual cell lines. *p < 0.05, **p < 0.1. (D) Changes in cell number were determined with a CCK-8 assay in
three PTEN-functional lines (HK157, HK339, and HK374) grown under RA or 1% O2 for 5 days and treated with NAC
(1 mM), APO (100 lM), LY (20 lM), or H2O2 (10 lM). Average values of all three lines were used to calculate data. n = 3,
dots represent individual cell lines. ***p < 0.01, ****p < 0.001. (E) Changes in cell number were determined with a CCK-8
assay in three PTEN-nonfunctional lines (HK217, HK229, and HK296) grown under RA or 1% O2 for 5 days and treated
with NAC (1 mM), APO (100 lM), LY (20 lM), or H2O2 (10 lM). Average values of all three lines were used to calculate
data. n = 3, dots represent individual cell lines. *p < 0.05, **p < 0.1, ****p < 0.001. (F) Western blot of a PTEN-functional
line (HK157) grown under RA or 1% O2 for 5 days and treated with NAC (1 mM), APO (100 lM), or LY (20 lM). PTEN
oxidation and total and phospho-Akt with actin used as a loading control. PTEN quantitation is of oxidized PTEN. Image is
representative n = 3. APO, apocynin; RA, room air. Color images are available online.
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levels (Fig. 5A, B). Since PTEN-nonfunctional cells already
have increased Akt activation, NOX inhibition did not affect
radiation sensitivity (Fig. 5C–D).

The above findings indicate that NOX inhibition sensitizes
PTEN-functional GBM cells to radiation in vitro. We next
tested the relevance of these findings in vivo. As expected,
radiation treatment resulted in diminished tumor burden in
mice that had been intracranially transplanted with PTEN-

functional GBM cells (shCON) (Fig. 6A, B). In agreement
with the in vitro observation, we found that knockdown of
p22 alone was sufficient to diminish tumor burden. How-
ever, combining p22 knockdown with radiation resulted in a
significantly reduced tumor burden in mice, relative to radi-
ation alone (Fig. 6A, inset). This finding supports the idea that
p22, and hence the NOX complex, promotes radiation re-
sistance in GBM in vivo.
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FIG. 3. NOX is expressed in GBM and regulates cell number and PTEN oxidation in low oxygen. (A) mRNA levels
of NOX components were assessed by qRT-PCR in a PTEN-functional (HK157) and PTEN-nonfunctional (HK217) line
under normal growth conditions. n = 3, dots represent biological replicates. (B) mRNA expression of NOX2 (CYBB,
P04839), NOX4 (Q9NPH5), and p22phox (CYBA, P13498) in tumor and GBM samples collected by TCGA. Data gen-
erated using GlioVis. (C) Changes in cell number were determined with a CCK-8 assay in a shCON or shp22 PTEN-
functional (HK157) or PTEN-nonfunctional (HK217) line treated with APO (100 lM) or H2O2 (10 lM) for 5 days. n = 3,
dots represent biological replicates. **p < 0.1, ****p < 0.001. (D) Changes in cell number were determined with a CCK-8
assay in a shCON or shp22 PTEN-functional (HK157) or PTEN-nonfunctional (HK217) line grown under room air or 1% O2 for
5 days. n = 3, dots represent biological replicates. *p < 0.05, ****p < 0.001. (E) Western blot of a PTEN-functional line (HK157)
grown under room air or 1% O2 for 5 days following KD of p22phox. PTEN oxidation and total and phospho-Akt with actin used
as a loading control. PTEN quantitation is of oxidized PTEN. Image is representative n = 4. GBM, glioblastoma; KD, knock
down; qRT-PCR, quantitative reverse transcriptase polymerase chain reaction. Color images are available online.
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We sacrificed all animals 4 weeks after implantation and
examined the tumors for p22 expression and Akt phosphor-
ylation and found that Akt phosphorylation was increased
following radiation (Fig. 6C and Supplementary Fig. S19A, B),
and this increase was lost in tumors lacking p22. To-
gether, these data suggest that NOX activation following
radiation contributes to the overall ROS levels and that in a
PTEN-functional setting the NOX-generated ROS directly
oxidizes and inactivates PTEN. This in turn results in ele-
vated Akt phosphorylation, which then promotes cell pro-
liferation and/or survival, thus contributing to the
relative radiation resistance in PTEN-functional GBM tu-
mors (Graphical Summary Illustration).

Discussion

Here we report that low oxygen or radiation oxidizes
PTEN resulting in its inactivation and subsequent activation

of Akt. We also show that the NOX complex is activated
following radiation, and both hypoxia and radiation increase
intracellular ROS levels through NOX. Finally, we found that
the inhibition of the NOX pathway sensitized GBM cells to
radiation both in vitro and in vivo.

Reactive oxygen species are highly reactive chemicals
formed from O2 and include peroxides, superoxides, hy-
droxyl radicals, and singlet oxygen. Exogenous sources of
ROS include pollutants and radiation, while endogenous
sources primarily come from cellular metabolism. Low levels
of ROS are required for normal cellular function, while high
levels of ROS promote apoptosis, autophagy, necrosis, and
ferroptosis. Recently, moderate increase in ROS levels has
been shown to promote tumorigenesis, invasion, and metas-
tasis, without going high enough to induce the negative ef-
fects of ROS (Gong et al., 2022).

Given the complexity of this homeostasis, we decided
to examine how moderate increases in ROS from the

FIG. 4. Radiation acti-
vates NOX to produce
ROS. (A) mRNA levels
of NOX2 and NOX4 were
assessed by qRT-PCR in
a PTEN-functional cell
(HK157) 24 h after exposure
to 10 Gy. n = 5, dots rep-
resent biological replicates.
***p < 0.01. (B) Changes in
cell number were deter-
mined with a CCK-8 assay in
shCON or shp22 cells
(HK157 and HK217) 5 days
after exposure to 0 or 10 Gy.
n = 3, dots represent biological
replicates. **p < 0.1, ****p <
0.001. (C) Changes in ROS
levels were determined with
CellROX Green in shCON
or shPTEN cells (HK157 and
HK217) 5 days after expo-
sure to 0 or 10 Gy. n = 3,
dots represent biological rep-
licates. *p < 0.05, ***p < 0.01.
(D) Western blot of shCON
or shp22 PTEN-functional
(HK157) or PTEN-
nonfunctional (HK217) cells
5 days after radiation with 0
or 10 Gy. p22phox, PTEN
oxidation and total and
phospho-Akt with actin used
as a loading control. PTEN
quantitation is of oxidized
PTEN. Image is representa-
tive of n = 3. Color images
are available online.
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microenvironment and treatment would affect GBM growth
and response to therapy. Initial experiments used NAC as an
antioxidant given its ability to act as a reduced glutathione
precursor and can work on a variety of free radicals (Aldini
et al., 2018). Moreover, NAC has been shown in previous
studies to decrease clonal neurosphere formation in adult sub-
ventricular zone cells stimulated with brain-derived neuro-
trophic factor (Le Belle et al., 2011). However, given the lack
of precise targeting with NAC, we used the NOX inhibitor,
APO, to test our hypothesis more directly.

The PTEN protein is made of two primary domains, a
tyrosine phosphatase domain (which contains the active site)
and a C2 domain, which binds it to the plasma membrane. In
the presence of H2O2, a disulfide bond is formed between C71
and C124, shutting down the active site so the protein can no
longer dephosphorylate PIP3, which results in prolonged
activation of Akt (Zhang et al., 2020). We did not identify the
specific amino acids involved in this process; however, we
know that the C124 amino acid is often mutated in PTEN
hamartoma tumor syndrome (PHTS), a spectrum of disorders
characterized by mutations in PTEN.

The mutation at C124 mimics our system in that the protein
loses its phosphatase ability. PHTS patients often have hy-
peractivated Akt signaling and are predisposed to tumor
formation (Dragoo et al., 2021). We found that PTEN was
oxidized when cells were grown under biologically relevant
conditions, such as the low oxygen environment of tumors
and following a single treatment with radiation. This in turn
correlated with an increase in Akt activation, cell numbers,
and radioresistance. Treatment with an Akt inhibitor under
hypoxic conditions still resulted in PTEN oxidation; how-
ever, Akt activation and increased cell numbers were lost,
suggesting that the PTEN/Akt pathway is required for the
biological effects reported in this article.

While some GBM express virtually no functional PTEN,
due to loss of heterozygosity (70%), mutation (40%), or both,
many express functional PTEN protein or only have PTEN
mutations in one allele. However, the vast majority of tumors
exhibit at least some activation of the PI3K pathway (Ver-
haak et al., 2010). While a number of different mechanisms
can promote downstream Akt and mTOR activity, including
cross talk from the mitogen-activated pathway (MAPK),

FIG. 5. Radiation activates NOX which regulates PTEN in expressing cells. (A) Changes in cell number were
determined with a CCK-8 assay in shCON or shPTEN PTEN-functional (HK157) cells 5 days after exposure to 0 or 10 Gy
with or without p22phox KD. n = 3, dots represent biological replicates. ***p < 0.01. (B) Changes in ROS levels were
determined with CellROX Green in shCON or shPTEN PTEN-functional (HK157) cells 5 days after exposure to 0 or 10 Gy
with or without p22phox KD. n = 3, dots represent biological replicates. ***p < 0.01, ****p < 0.001. (C) Changes in cell
number were determined with a CCK-8 assay in shCON or shPTEN PTEN-nonfunctional (HK217) cells 5 days after exposure
to 0 or 10 Gy with or without p22phox KD. n = 3, dots represent biological replicates. (D) Changes in ROS levels were
determined with CellROX Green in shCON or shPTEN PTEN-nonfunctional (HK217) cells 5 days after exposure to 0 or 10 Gy
with or without p22phox KD. n = 3, dots represent biological replicates. *p < 0.05; **p < 0.1. Color images are available online.
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direct mutations in PI3 kinases, and other relevant proteins
(Ludwig and Kornblum, 2017), our data suggest that the
hypoxic environment of the tumor may play a role in acti-
vation of this pathway, and thus, antioxidant treatment may
be an interesting direction of research—one that might seem
counterintuitive at first glance.

In fact, others have found that curcumin (an antioxidant) is
able to sensitize GBM cells to radiation through a variety of
pathways (Zoi et al., 2022). However, our study would sug-
gest that at least some residual PTEN activity would be re-
quired for a significant therapeutic effect. We do not yet
know whether functional PTEN is required for the protu-
morigenic role of ROS in other cancers.

One of the primary sources of endogenous ROS is the NOX
complex of proteins found at and within cell membranes. In-

creased activation or expression of one or several NOX
member proteins has been reported in multiple cancers cor-
responding with increased tumorigenicity and resistance to
treatment (Mortezaee et al., 2019). Previous studies have
demonstrated that the activation of NOX results in enhanced
NSC self-renewal and enhanced neurogenesis in a PTEN-
dependent manner (Le Belle et al., 2011). Although it is
unclear whether brain tumors are derived from NSC, we
reasoned that the shared properties of neural stem and GBM

stem cells might extend to a shared mechanism of ROS-
induced survival.

While our cultures are enriched in GSC, consistent with this
link, it must be noted that we did not demonstrate a GSC-
specific effect in the current study. The current study goes
beyond the notion that PTEN is required for the effects of NOX
activation in glioma and NSC, but that under physiological
conditions in which NOX is activated, such as during hypoxia,
PTEN is oxidized and inactivated, leading to the activation of
Akt. Further studies will be required to determine whether there
are distinct functional differences between the effects of NOX
activation and outright PTEN deletion in GBM.

The induction of ROS is the main underlying mechanism
of radiotherapy, and several prior studies have found that
inhibition of NOX increases sensitivity to radiation. How-
ever, the mechanism of action of this affect has yet to be
elucidated (Teixeira et al., 2017). In this study, we demon-
strated that radiation induces NOX mRNA and activates
NOX, which, in turn, oxidizes PTEN, ultimately leading to
downstream activation of Akt and enhanced cell production
in vitro and enhanced tumor growth in vivo. These findings
support the concept of NOX inhibition as an adjunct to ra-
diation therapy in PTEN-replete tumors.

In fact, because of the importance of the NOX family of
proteins, in several disorders, including cancer and stroke, a
great deal of effort has gone into developing pharmacological
NOX inhibitors. Recently, the World Health Organization
approved a new terminology stem, ‘‘naxib,’’ which refers to
NADPH oxidase inhibitor and thereby recognized NOX in-
hibitors as a new therapeutic class (Elbatreek et al., 2021).
With the development of these and other drugs, it may
eventually be possible to supplement radiation treatment for
PTEN-positive GBM patients with an NOX inhibitor and see
improved outcomes.

There are several limitations to our study. First, we do not
yet know whether the NOX system is truly expressed in GBM
cells in human tumors in situ. While NOX2 and NOX4 are
expressed in GBM, review of single cell studies reveals
limited expression of the mRNA for NOX components within
tumor cells (Darmanis et al., 2017). However, we do not
know whether this limited expression is sufficient to play a
direct role in tumor biology in humans or whether NOX is
induced by radiation in human GBM cells undergoing ther-
apeutic radiation. It is possible that NOX is upregulated by
the act of growing them in GSC-enriched gliomasphere
cultures and that this upregulation is maintained during
in vivo growth in xenografts.

It is possible that human brain tumors, including those
undergoing radiation, receive ROS via non-cell autonomous
activation of other cells in the microenvironment, including
myeloid and vascular cells (Bekhet and Eid, 2021), both
of which express abundant mRNA for NOX components
(Darmanis et al., 2017). We also recognize that there are

FIG. 6. NOX promotes radioresistance in vivo.
(A) Tumor volume was assessed using luminescence from
shCON or shp22 GFP-FLUC xenograft intracranial tumors
(HK408) at different time points following a single dose of
radiation. Dots represent individual mice. ****p < 0.001.
(B) Images of different treatment groups on day 21 following
radiation. (C) Western blot of shCON or shp22 nonperfused
xenograft intracranial tumors (HK408) 28 days after radiation.
Image is representative of n = 3. FLUC, firefly luciferase; GFP,
green fluorescent protein. Color images are available online.
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many different sources and types of free radicals, and this
article looks at only a small subset of possibilities.

Another limitation of our current study is in the dose and
schedule of radiation used. We chose a single, high dose of
radiation, rather than a fractionated schedule as is administered
to people (Ziu et al., 2020). Murine xenografts and human
tumors in situ are of vastly different sizes (Ma et al., 2020;
Rutter et al., 2017). A radiation dose that kills a large per-
centage of cells may leave tens of millions of cells leftover in a
human tumor, and only a few cells left in a murine tumor, thus
making it unlikely to be able to observe tumor growth and
regrowth following radiation over the life span of a mouse.
Future preclinical studies using either large animal models or
alternate dosing schedules may be required before therapeutic
human trials with NOX inhibitors and GBM radiation.

A final limitation to the current study is that we focus only on
NOX-generated ROS and did not investigate the potential ef-
fects of other forms of ROS. Furthermore, our studies do not
investigate the detailed mechanisms by which NOX may be
activated. For example, NOX is activated by RAC1, which is
known to function in several different pathways related to cell
survival (Mosaddeghzadeh and Ahmadian, 2021). Downstream
studies would be needed to investigate whether RAC1 is a key
regulator of NOX in GBM. Despite these limitations, our study
provides a strong basis for pursuing NOX inhibition in PTEN-
expressing GBM cells as a possible adjunct to radiation therapy.

Materials and Methods

Tissue culture

The isolation and propagation of the primary GSC containing
cultures (gliomaspheres) used for this study were described
previously (Laks et al., 2016). The prior study also describes the
patient characteristics for each line used. Briefly, to culture the
cells, on the day of resection, samples were digested with
TrypLE and further dissociated mechanically. Acellular debris
was removed, and the remaining cells were incubated in glio-
masphere media (Dulbecco’s modified Eagle’s medium/F12
supplemented with B27, penicillin–streptomycin, heparin,
EGF, and basic FGF) for several days until spheres began to
form. Frozen stocks were made at passage 5 to maintain cells at
low passage. Cell cultures were maintained as previously de-
scribed (Laks et al., 2009). For hypoxia experiments, cells were
acclimated to low oxygen for 2 weeks before experiments.

Drug treatment

Cells were plated according to their assay at a density of
100,000 cells/mL and allowed to settle for 24 h. After that
time, cells were treated with a single dose of the following
drugs: H2O2, NAC, LY-294002 (LY), or APO, and most
experiments were run after 5 days.

Immunofluorescence staining and quantitation

For immunostaining, cells were first fixed in 4% parafor-
maldehyde for 15 min. Following fixation, cells were washed
with phosphate-buffered saline (PBS), permeabilized with
PBS with 0.1% Triton X-100 for nuclear staining, and
blocked in PBS with 2% bovine serum albumin at room
temperature for 30 min. Cells were then incubated with the
indicated primary antibodies: NOX2 (1:100, PA5-79118;
Thermo Fisher Scientific, Waltham, MA), NOX4 (1:100,

MAB8158; R&D Systems, Minneapolis, MN), and CY-
BA/P22 (1:100, PA5-71642; Thermo Fisher Scientific)
overnight at 4�C. Cells were washed with PBS and incubated
with species-appropriate goat/donkey secondary antibodies
coupled to Alexa Fluor dye 568 (Invitrogen, Waltham, MA)
and Hoechst dye for nuclear staining for 2 h at room tem-
perature. Stained cells were imaged using EVOS Cell Ima-
ging systems microscope (Thermo Fisher Scientific), and
quantification was performed using ImageJ.

Growth assay

Cells were grown at a density of 100,000 cell/mL and
allowed to grow for the appropriate time following treatment.
On the day of experiment, spheres were treated with Cell
Counting Kit-8 (CCK-8; Dojindo, Rockville, MD) according
to the manufacturer’s protocol. Results were read with a
microplate reader on a Varioskan Lux multimode plate
reader, and absorbance was recorded at 450 nm. In early
experiments, cells were counted with trypan blue exclusion
and read on a cell countess. To facilitate data acquisition, we
performed subsequent studies with the CCK-8 system. In-
itially, we tested the validity of the system by comparing it
with trypan blue when cells were treated with H2O2, radia-
tion, and hypoxia (Supplementary Fig. S20A–F).

Western blots

Proteins from the cell lines were extracted in RIPA buffer and
quantitated by Bio-Rad protein assay. Equal amounts of total
proteins were loaded on sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS-PAGE) gels, transferred
onto a nitrocellulose membrane, and probed with primary an-
tibodies (anti-PTEN [138G6; Cell Signaling, Danvers, MA],
anti-actin [EPR16769; Abcam, Cambridge, United Kingdom],
anti-p22phox [ab191512; Abcam], anti-Akt [C67E7; Cell Sig-
naling], and anti-phospho-Akt T308 [D255E6; Cell Signaling])
overnight at 4�C. Horseradish peroxidase-conjugated secondary
antibodies were incubated for 1 h at room temperature. Proteins
were visualized by chemiluminescence as recommended by the
manufacturer (Thermo Fisher Scientific). PTEN oxidation was
assessed according to Delgado-Esteban et al. (2007). Films were
superimposed on the membrane to visualize molecular markers
and identify bands. Original versions of all Western blot are
provided in Supplementary Figures S21–S27.

Animal strains, intracranial xenotransplantation,
and optical imaging

All animal studies were performed according to approved
protocols by the Institutional Animal Care and Use Committee
at the UCLA. Studies did not discriminate sex, and both male
and females were used. Eight- to 12-week-old NOD-SCID
gamma null mice were used to generate tumors from a patient-
derived GBM line HK408 5 · 104 tumor cells containing a
firefly luciferase–green fluorescent protein (FLUC-GFP) lenti-
viral construct were injected intracranially into the neostriatum
in mice. Tumor growth was monitored at 2, 3, and 4 weeks after
transplantation using IVIS Lumina II bioluminescence imaging
at the Crump Institute for Molecular Imaging at UCLA.

Mice were anesthetized by inhalation of isoflurane. In-
traperitoneal injection of 100 lL of luciferin (30 mg/mL) was
followed by 10 min of live uptake to interact with the
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luciferase-expressing FLUC-GFP tumor cells and produce
bioluminescence. The IVIS Lumina 2 imaging system (Ca-
liper Life Sciences, Hopkinton, MA) was utilized to photo-
graph the mice, and images were overlaid with a color scale
of a region of interest representing total flux (photon/second)
and quantified with the Living Image software package
(Xenogen, Alameda, CA).

ROS measurement

Cells were grown at a density of 100,000 cell/mL and
allowed to grow for the appropriate time following treatment.
On the day of experiment, spheres were dissociated with
Accumax (Innovative Cell Technologies), and live cells were
counted using a Countess Automated Cell Counter (Life
Technologies, Carlsbad, CA), with 0.4% trypan blue exclu-
sion. Fifty thousand cells were treated with CellROX Green
(Thermo Fisher, Waltham, MA) according to the manufac-
turer’s protocol. Cells were then counterstained with Hoechst
33342 (Thermo Fisher) to use as a loading control for cal-
culations. Cells were loaded into a 96-well black well plate
and read on a Varioskan Lux multimode plate reader, and
fluorescence was recorded at the appropriate wavelengths.

Irradiation of glioma cultures and orthotopic
tumor xenografts

Cultured cells were irradiated at room temperature using
an experimental X-ray irradiator (Gulmay Medical, Inc.,
Atlanta, GA) at a dose rate of 5.519 Gy/min for the time
required to apply a prescribed dose. The X-ray beam was
operated at 300 kV and hardened using a 4-mm Be, a 3-mm
Al, and a 1.5-mm Cu filter and calibrated using NIST-
traceable dosimetry. Tumor-bearing mice were irradiated at a
single dose of 10 Gy using an image-guided small animal
irradiator (X-RAD SmART; Precision X-Ray, North Bran-
ford, CT) with an integrated cone beam CT (60 kVp, 1 mA)
and a bioluminescence imaging unit as described previously
(Bhat et al., 2020). Individual treatment plans were calculated
for each animal using the SmART-Plan treatment planning
software (Precision X-Ray). Radiation treatment was applied
using a 5 · 5 mm collimator from a lateral field.

qRT-PCR

RNA was isolated using TRIzol (Gibco, Waltham, MA),
and 1.5 lg RNA was converted to cDNA by reverse tran-
scription. qRT-PCR was performed after the addition of
Power SYBR Master Mix (Applied Biosystems, Foster City,
CA) on an ABI PRISM 7700 sequence detection system
(Applied Biosystems).

shRNA

Lentiviral-mediated shRNA knockdowns of PTEN and p22-
phox were performed using constructs from the Dharmacon-
Harmon (Lafayette, CO) library. Four shPTEN constructs and
five shp22-phox constructs were tested, and one of each was
chosen following examination of knockdown efficiency and
resulting phenotype. Briefly, virus was made using HEK-293T
cells transfected with package, envelope, and the shRNA
construct using Lipofectamine (Thermo Fisher) in the absence
of serum or antibiotics. Conditioned media from the cells were
collected 3 days later and added to the GBM cell line of interest.

Statistics

GraphPad Prism 9 was used for statistical analyses. p
values (adjusted in the case of multiple comparisons) <0.05
were considered significant. Comparisons between groups
were initially evaluated by one-, two-, or three-way analysis
of variance with post hoc Šı́dák’s multiple comparisons tests.
Multiple unpaired t-tests with the Holm–Šı́dák correction
were used to compare gene expression data in Figures 3A and
4A. For in vivo tumor growth data in figure, data were fit by
nonlinear regression, and slopes were compared across
groups: *p < 0.05, **p < 0.1, ***p < 0.01, ****p < 0.001.

Data collection

Electronic laboratory notebook was not used.
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mTOR¼mammalian target of rapamycin
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ROS¼ reactive oxygen species
SDS-PAGE¼ sodium dodecyl sulfate–polyacrylamide gel

electrophoresis

NOX PROMOTES GLIOBLASTOMA GROWTH VIA PTEN INACTIVATION 903

http://dx.doi.org/10.1007/s11060-020-03612-7
http://dx.doi.org/10.3390/biomedicines10020312
http://dx.doi.org/10.3390/biomedicines10020312



