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(Fig. 6A), an effect that was prevented by the addition of N-
acetyl cysteine (NAC) (Fig. 6B; Supplemental Fig. S6A).
We next assessed whether the increased ROS levels in-
duced DNA damage. DNA double-strand breaks (DSBs)
were visualized by immunostaining for phospho-Ser139

histone 2AX (y-H,AX) as nuclear foci at the sites of dam-
age in DAQY cell nuclei 24 h after starvation. Confocal
imaging of y-H,AX foci indicated that glutamine starva-
tion-induced foci that were more abundant and signifi-
cantly larger in DAQOY cells as compared with control

Figure 6. Glutamine starvation induces ROS and DNA damage in MB. (A) DAOY and UW228-2 cells were cultured for 12 h under normal
medium, glucose starvation, glutamine starvation, and serine/glycine starvation. Cells were incubated with the H,DCFDA probe, an in-
dicator for ROS. (B) DAQOY cells were cultured for 12 h under normal medium, glutamine starvation, or glutamine starvation plus 0.1 pM
NAC. Cells were incubated with H,DCFDA and analyzed by FACS. (C,D) DAOY cells were cultured under normal medium, glucose star-
vation, glutamine starvation, or serine/glycine starvation for 20 h. Also, DAQY cells were incubated with glutamine starvation plus cis-
platin for 10 h. (C) Representative image of DAOY cells stained with the DNA damage marker phospho-Ser139 histone 2AX (y-H,AX;
green) and nuclear marker DAPI (blue). Bar, 20 pm. (D) Histogram shows mean fluorescence intensities of EAU in DAQY cells. Data
are represented as mean + SD. n = 3. (***) P <0.0001. (E,F) DAOY and UW228-2 cells were cultured for 24 h under normal medium, glucose
starvation, glutamine starvation, or serine/glycine starvation. (E) The reduced and oxidized glutathione ratio was measured by using the
GSH/GSSG-Glo assay kit. (**) P < 0.001; (***) P < 0.0001. (F) Cells were collected, and NADH absorbance was determined at 340 nm by

FACS analysis. (**) P < 0.001.
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cells (Fig. 6C,D). Similar findings were not observed after
glucose or serine/glycine starvation treatment. Further-
more, the combination of glutamine starvation plus cis-
platin induced an accumulation of foci in the nuclei at
10 h that was comparable with glutamine starvation alone
after 24 h. These results suggest that cisplatin treatment
induces a synergistic effect with glutamine starvation.

Next, we measured the redox status with the GSH/
GSSG ratio as a marker for oxidative stress in DAOY
and UW228-2 cells in control medium, glucose starvation,
glutamine starvation, or serine/glycine starvation. We
found that the levels of the GSH/GSSH ratio dropped sig-
nificantly in DAQOY cells under glutamine starvation, less
so under serine/glycine starvation, and not significantly
under glucose starvation (Fig. 6E). Importantly, no effect
on the GSH/GSSH ratio was observed in UW228-2 cells.

To confirm this result, we measured NADH levels in
these cells under the different starvation conditions
because NADH levels are a well-recognized indicator for
cellular metabolic homoeostasis. In fact, increased ROS
levels and reduced NADH levels represent a status of met-
abolic imbalance (Li et al. 2016). We show a significant re-
duction of the NADH levels under glutamine starvation
in DAOY cells, while no effect was observed in UW228-
2 cells (Fig. 6F).

Together, these results suggest that MB cells that ex-
press p73 show a glutamine addiction phenotype at least
in part by maintaining an oxidant detoxification capacity.

Glutamine restriction diet reduces MB tumor growth

We next set out to validate our in vitro results in an in vivo
mouse model of MB. First, we show that chronic depletion
of nonessential amino acid glutamine (glutamine restric-
tion diet) is well tolerated in vivo (Supplemental Fig.
S7A). Subsequently, ion-exchange chromatography con-
firmed a significant drop in the levels of glutamine and
glutamate, but not other amino acids, in the cerebellum
and cerebrospinal fluid (CSF) of mice treated with a gluta-
mine restriction diet (Fig. 7A,B; Supplemental Fig. S7B-
D). Importantly, high levels of serine were observed in nor-
mal cerebellar tissue after a glutamine restriction diet
(Fig. 7A), suggesting that normal cells could use serine me-
tabolism for de novo ATP synthesis and survive under a
glutamine restriction diet. Injection of ICb-1299 in the
cerebellum of newborn NOD-SCID mice rapidly induced
tumors with histological and immunohistochemical fea-
tures of MB (Supplemental Fig. S7E). Animals fed with a
glutamine restriction diet displayed a significant increase
in survival time compared with those mice fed a control
diet (Fig. 7C). Importantly, the combination of glutamine
restriction diet with cisplatin (two and three doses) in-
duced a significant synergic effect and extended the sur-
vival time (Fig. 7C). Indeed, we detected a significant
reduction in cell proliferation (Ki67 staining) with a strong
increase in apoptosis (cleaved caspase-3) in the animals
fed a glutamine restriction diet while being treated with
cisplatin as compared with control mice (Fig. 7D).

These results are in agreement with our in vitro data, in
which glutamine starvation leads to reduced proliferation

p73 regulates GLS-2 in medulloblastoma

and increased apoptosis in synergism with cisplatin in MB
cells expressing p73.

Discussion

MB represents a heterogeneous group of brain tumors
with distinct molecular and pathological features. Cur-
rent treatments for MB include surgery, radiotherapy,
and chemotherapy, which induce severe side effects in a
substantial proportion of patients. We focused on eluci-
dating the metabolic vulnerabilities of MB for the devel-
opment of a new therapeutic strategy to minimize the
adverse effects of the current therapy.

We show here that TAp73a is overexpressed in a propor-
tion of MBs, including aggressive subgroups, a finding that
confirms and further extends the original description of
p73 protein overexpression in MB (Zitterbart et al. 2007).

Numerous evidence suggests that p73 has a well-de-
fined role in cell metabolism and brain development
(Agostini et al. 2016). However, because of the existence
of numerous splice variants as well as the regulation of
protein stability by proteasomal degradation and micro-
RNA, its precise effect on cellular metabolism is currently
ill defined.

We set out to assess whether p73 regulates any aspect of
cell metabolism in human MB and characterize the rela-
tionship between p73 status and the sensitivity to gluta-
mine restriction treatment. Therefore, we silenced p73
in MB cell lines and patient-derived MB cells and assessed
metabolic changes by genome-wide transcriptome and
global metabolite profiling. The global metabolite profil-
ing is a novel and powerful approach to gain a comprehen-
sive analysis of small endogenous metabolites (Nicholson
etal. 1999). Such data can be used to form a hypothesis de-
scribing possible metabolic alternations due to perturba-
tion of the cellular system (Haggblad Sahlberg et al.
2017). Overall, our study shows for the first time that
TAp73 is essential for accurate mitochondrial bioener-
getics at least in part by modulating GLS-2 expression,
in agreement with previous data in a nonneoplastic con-
text (Velletri et al. 2013).

The role of GLS-2 in tumorigenesis is context-specific
and regulated by factors that are still incompletely charac-
terized (Hensley et al. 2013). GLS-2 is a mitochondrial pro-
tein that hydrolyzes glutamine to glutamate. Following
this, glutamate is used in the cells as a substrate in the
TCA cycle or for glutathione synthesis. We show that
p73KD induced growth inhibition in MB and is directly
linked to reduced mitochondria respiration rates and gly-
colytic capacity. Notably, our data suggest that MB cells
expressing p73 may be more dependent on mitochondrial
respiration for ATP production. Taken together, these
data suggest that TAp73 plays an essential role in the
maintenance of MB cell energy.

Cells regulate energy levels through AMPK, which acts
as a sensor of the ATP/ADP ratio (Hardie et al. 2012).
AMPK activation induces metabolic changes leading to
ATP renewal with inhibition of ATP consumption (Wu
et al. 2013). The changes in ATP levels trigger the
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Figure 7. A glutamine restriction diet induces a significantly improved survival in an orthotopic MB xenograft model. (A,B) NOD-SCID
mice were treated for 4 mo with a control diet or glutamine restriction diet. (A) Glutamine, glutamate, and serine levels were determined
by ion-exchange chromatography in the cerebellum. (**) P < 0.001; (***) P < 0.0001. (B) Glutamine level was determined by ion-exchange
chromatography in the CSF. Data are represented as mean + SD.n = 5. (**) P < 0.001. (C,D)ICb-1299 human primary cells were injected into
the cerebellum of newborn NOD-SCID mice, and mice were divided into control diet (n = 7), control diet + two doses of cisplatin (n=11),
control diet + three doses of cisplatin (n = 9), glutamine restriction diet (n = 9), glutamine restriction diet + two doses of cisplatin (n = 8), or
glutamine restriction diet + three doses of cisplatin (n = 7). (C) The survival of the mice is plotted over time (log-rank test). (*) P < 0.01; (**) P
<0.001; (****) P < 0.00001. (D) Histology of the MB tumors under a control diet with two or three doses of cisplatin or under a glutamine
restriction diet with two or three doses of cisplatin. Representative bright-field images are shown for Ki-67 and cleaved caspase-3. Quan-

tification is shown as the mean of positive cells per high-power field. Bar, 50 pm. (*) P < 0.01; (**) P < 0.001; (***) P < 0.0001.
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activation of the energetic stress responses (Mihaylova
and Shaw 2011). The function of AMPXK is partly mediated
by mTOR, which lies at the heart of a nutrient-sensing sig-
naling network that controls cellular metabolism (Liu
et al. 2012). After p73KD, we observed a strong activation
of AMPK with a robust inhibition of mTOR, suggesting
that p73 maintains the activation of the mTOR pathway
through modulation of AMPK activity.

We demonstrate that p73KD induces a robust repro-
graming of metabolic processes, including de novo glu-
cose synthesis, also called gluconeogenesis. This process
allows cells to synthetize serine/glycine and pentose
phosphate pathway components from glycolytic interme-
diates. The role of serine in one-carbon metabolism to
support the methionine cycle is well documented (Meiser
et al. 2016) and was also implicated recently in de novo
ATP synthesis (Maddocks et al. 2016). After p73KD, we
observed enhanced rates of de novo purine synthesis and
nucleoside, which may hint at an enhanced contribution
to RNA and DNA synthesis. However, because p73KD in-
duces inhibition of cell proliferation, it is most likely that
the cells are using the serine/glycine pathway for ATP
generation after p73 silencing, as demonstrated previously
in colon cancer (Maddocks et al. 2016).

Over the past 40 years, it has become increasingly clear
that tumor cells exhibit specific amino acid dependency,
and cells from different tumors were shown to die quickly
in vitro following arginine, cysteine, or glutamine depri-
vation, while normal cells survived (Liu et al. 2015).
p53-deficient tumors are vulnerable to serine/glycine star-
vation (Maddocks et al. 2013), although current therapies
do not fully exploit this major difference between cancer
cells and nonneoplastic cells.

Here, we demonstrate that MB cells expressing p73 are
“glutamine-addicted.” Glutamine plays an important
role in supporting tumor growth, as it is essential for
the synthesis of glutathione, an important mitochondrial
antioxidant (Amores-Sanchez and Medina 1999). Gluta-
thione is capable of preventing damage of different cellu-
lar components caused by ROS, such as free radicals,
peroxides, or lipid peroxides (Mari et al. 2009). MB growth
in vitro is inhibited in p73-expressing cells under gluta-
mine starvation and is associated with an abrupt deple-
tion of intracellular ATP. Importantly, MB cells under
glutamine starvation show DNA damage even though
all three starvation conditions induce overproduction
of ROS. A wealth of literature supports the role of p73
in inducing apoptosis after DNA damage (Allocati et al.
2012). We show that only glutamine starvation induces
TAp73 stabilization. Indeed, the combination of gluta-
mine starvation with cisplatin (a chemotherapy agent of
choice in MB therapy) induced a dramatic apoptotic re-
sponse, possibly because of a mitochondria ROS response
known to be triggered by cisplatin (Marullo et al. 2013).
In keeping with this interpretation, treatment with eto-
poside did not elicit a similar effect. We validated p73’s
role in inducing apoptosis following glutamine starvation
through the use of a stable p73 knockout. Crucially, these
cells became refractory to glutamine starvation. This sug-
gests that any drug inducing p73 stabilization or DNA
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damage will have a synergistic effect with glutamine
starvation.

To validate these results in an in vivo mouse model of
MB, we generated orthotropic xenografts of patient-
derived MB cells expressing p73 in NOD-SCID mice.
Kaplan-Meier analyses showed that a glutamine restric-
tion diet induces a significant increase in the overall sur-
vival rate of the xenografted mice, with a significant
reduction in cell proliferation (Ki67) and increase in apo-
ptosis (cleavage caspase-3). Importantly, we observed a
synergic effect between a glutamine restriction diet and
cisplatin treatment, raising the possibility that glutamine
restriction diets could be used as an adjuvant treatment
for p73-expressing MB.

In summary, we show that p73 supports mitochondria
respiration in MB via regulation of glutamine metabolism.
Importantly, we validate the susceptibility of p73-express-
ing MB to a glutamine restriction diet in a xenograft mod-
el. The findings presented here support the notion that
p73 is a marker of glutamine addiction in MB tumors
and raise the possibility that a glutamine restriction diet
could be implemented to maximize MB growth control
while minimizing treatment toxicity.

Material and methods

LC-HRMS-based metabolite profiling

The analysis was performed using an Acquity UPLC
I-class system from Waters coupled to a G2S Synapt
Q-TOF equipped with an electrospray ionization (ESI)
source (Waters). The sample separation was performed
on a HILIC-Amide column (1.7-pm inner diameter, 2.1 x
50 mm) from Waters, and the column temperature was
kept at 40°C.

Extracellular amino acid measurement

The medium and cerebellar extracts were centrifuged, and
the supernatant was analyzed. For CFS, at least 1 pL of
CFS per animal was extracted. Next, 1 uL of CSF was di-
luted to 500 pL with deionized water and analyzed. Anal-
ysis was performed by ion-exchange chromatography,
post-column derivatization with ninhydrin, and photo-
metric detection.

Extracellular glucose and lactate measurement

Media from DAQOY control and sip73 cells were collected
at different time points. The medium was centrifuged, and
the supernatant was analyzed with an AccutrendPlus sys-
tem (Roche) according to the manufacturer’s instructions.

Measurement of intracellular ROS

The DAOY and UW228-2 cells were incubated with 5 pM
C-DCDHEF-DA-AM (Invitrogen) for 30 min. ROS fluores-
cence (emission ~530 nm) was measured by a 200-msec
exposure (excitation ~480 nm).

GENES & DEVELOPMENT 1751


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on December 19, 2017 - Published by Cold Spring Harbor Laboratory Press

Niklison-Chirou et al.

Xenograft mouse models

All procedures had Home Office approval (Animals Scien-
tific Procedures Act 1986, PPL:70/7275). NOD-SCID mice
were divided randomly into two groups (control diet or
glutamine restriction diet), each group consisting of 10
mice.

Statistical analysis

All results are expressed as mean values +SD or +SEM of at
least three independent experiments. The unpaired Stu-
dent’s t-test and analysis of variance (one-way ANOVA)
were used to assess significant differences between
results. P-values of <0.05 were considered statistically
significant.
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