
(Fig. 6A), an effect thatwas prevented by the addition ofN-
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 (γ-H2AX) as nuclear foci at the sites of dam-
age in DAOY cell nuclei 24 h after starvation. Confocal
imaging of γ-H2AX foci indicated that glutamine starva-
tion-induced foci that were more abundant and signifi-
cantly larger in DAOY cells as compared with control

Figure 6. Glutamine starvation induces ROS andDNAdamage inMB. (A) DAOYandUW228-2 cells were cultured for 12 h under normal
medium, glucose starvation, glutamine starvation, and serine/glycine starvation. Cells were incubated with the H2DCFDA probe, an in-
dicator for ROS. (B) DAOY cells were cultured for 12 h under normal medium, glutamine starvation, or glutamine starvation plus 0.1 µM
NAC. Cells were incubated with H2DCFDA and analyzed by FACS. (C,D) DAOY cells were cultured under normalmedium, glucose star-
vation, glutamine starvation, or serine/glycine starvation for 20 h. Also, DAOY 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 (γ-H2AX;
green) and nuclear marker DAPI (blue). Bar, 20 µm. (D) Histogram shows mean fluorescence intensities of EdU in DAOY cells. Data
are represented asmean ± SD. n = 3. (∗∗∗) P < 0.0001. (E,F ) DAOY andUW228-2 cells were cultured for 24 h under normalmedium, 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 thatwas comparablewith 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
andUW228-2 cells in controlmedium, glucose starvation,
glutamine starvation, or serine/glycine starvation. We
found that the levels of the GSH/GSSH ratio dropped sig-
nificantly in DAOY 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 reducedNADH levels represent a status ofmet-
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

Wenext set out to validate our in vitro results in an in vivo
mousemodel ofMB. 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 serinewere observed in nor-
mal cerebellar tissue after a glutamine restriction diet
(Fig. 7A), suggesting that normal cells could use serineme-
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

and increased apoptosis in synergismwith cisplatin inMB
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 TAp73α is overexpressed in a propor-

tion ofMBs, 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 cellularmetabolism 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
inMB cell lines and patient-derivedMB 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 endogenousmetabolites (Nicholson
et al. 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 amitochondrial 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 mowith 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 theCSF.Data are represented asmean ± SD.n = 5. (∗∗) P < 0.001. (C,D) ICb-1299humanprimary cellswere injected into
the cerebellum of newborn NOD-SCIDmice, 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 themice 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 µm. (∗) P < 0.01; (∗∗) P < 0.001; (∗∗∗) P < 0.0001.

Niklison-Chirou et al.

1750 GENES & DEVELOPMENT

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

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


activation of the energetic stress responses (Mihaylova
and Shaw 2011). The function of AMPK is partlymediated
bymTOR,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 andDNA 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

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 inMBvia regulation of glutaminemetabolism.
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-µm inner diameter, 2.1 ×
50 mm) from Waters, and the column temperature was
kept at 40°C.

Extracellular amino acid measurement

Themedium and cerebellar extracts were centrifuged, and
the supernatant was analyzed. For CFS, at least 1 µL of
CFS per animal was extracted. Next, 1 µL of CSF was di-
luted to 500 µL 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 DAOY control and sip73 cells were collected
at different time points. Themediumwas centrifuged, and
the supernatant was analyzed with an AccutrendPlus sys-
tem (Roche) according to themanufacturer’s instructions.

Measurement of intracellular ROS

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

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

Statistical analysis

All results are expressed asmean values ±SDor ±SEMof 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.

Acknowledgments

We are grateful to Patrick Pallier, Xinyu Zhang, ThomasMillner,
Ashirwad Merve, Anthony Price, and Samuel Carney for their
helpful advice, and Peter Dirks and Xiao-Nan Li for the gift of pa-
tient-derived low-passage MB cells. This work was funded by a
Children with Cancer UK fellowship (reference no. 2014/178)
awarded to M.V.N.-C., a Medical Research Council UK project
grant (MR/N000528/1) to S.M., and a Medical Research Council
UK Programme grant to G.M. M.V.N.-C., P.H.R.M., and M.H.
conducted the experiments. M.V.N.-C., D.M., G.M., and S.M. de-
signed the experiments and wrote the paper. D.P. and M.R. per-
formed the RNA-seq analysis. M.S., D.W., and S.C.C. performed
the analysis of p73 levels in the human MB data set. I.E., M.E.,
J.H., T.A., and C.P. performed the metabolomics analysis.

References

Agostini M, Annicchiarico-Petruzzelli M, Melino G, Rufini A.
2016. Metabolic pathways regulated by TAp73 in response
to oxidative stress. Oncotarget 7: 29881–29900.

Ahluwalia GS, Grem JL, Hao Z, Cooney DA. 1990. Metabolism
and action of amino acid analog anti-cancer agents. Pharma-
col Ther 46: 243–271.

Allocati N, Di Ilio C, De Laurenzi V. 2012. p63/p73 in the control
of cell cycle and cell death. Exp Cell Res 318: 1285–1290.

Altman BJ, Stine ZE, Dang CV. 2016. From Krebs to clinic: gluta-
mine metabolism to cancer therapy. Nat Rev Cancer 16:
619–634.

Amelio I, Cutruzzola F, AntonovA, AgostiniM,MelinoG. 2014a.
Serine and glycinemetabolism in cancer. Trends Biochem Sci
39: 191–198.

Amelio I, Markert EK, Rufini A, Antonov AV, Sayan BS, Tucci P,
Agostini M, Mineo TC, Levine AJ, Melino G. 2014b. p73 reg-
ulates serine biosynthesis in cancer. Oncogene 33: 5039–
5046.

Amores-Sanchez MI, Medina MA. 1999. Glutamine, as a precur-
sor of glutathione, and oxidative stress. Mol Genet Metab 67:
100–105.

Asher G, Tsvetkov P, Kahana C, Shaul Y. 2005. A mechanism of
ubiquitin-independent proteasomal degradation of the tumor
suppressors p53 and p73. Genes Dev 19: 316–321.

Boominathan L. 2010. The guardians of the genome (p53, TA-p73,
and TA-p63) are regulators of tumor suppressor miRNAs net-
work. Cancer Metastasis Rev 29: 613–639.

Buescher JM, Antoniewicz MR, Boros LG, Burgess SC, Brunen-
graber H, Clish CB, DeBerardinis RJ, Feron O, Frezza C, Ghes-
quiere B, et al. 2015. A roadmap for interpreting 13C
metabolite labeling patterns from cells.CurrOpin Biotechnol
34: 189–201.

Corno D, Pala M, Cominelli M, Cipelletti B, Leto K, Croci L, Bar-
ili V, Brandalise F, Melzi R, Di Gregorio A, et al. 2012. Gene
signatures associated with mouse postnatal hindbrain neural
stem cells and medulloblastoma cancer stem cells identify
novelmolecularmediators and predict humanmedulloblasto-
ma molecular classification. Cancer Discov 2: 554–568.

DeBerardinis RJ, ChengT. 2010.Q’s next: the diverse functions of
glutamine in metabolism, cell biology and cancer. Oncogene
29: 313–324.

Dulloo I, GopalanG,MelinoG, Sabapathy K. 2010. The antiapop-
totic ΔNp73 is degraded in a c-Jun-dependent manner upon
genotoxic stress through the antizyme-mediated pathway.
Proc Natl Acad Sci 107: 4902–4907.

EvansAM,DeHavenCD, Barrett T,MitchellM,MilgramE. 2009.
Integrated, nontargeted ultrahigh performance liquid chroma-
tography/electrospray ionization tandem mass spectrometry
platform for the identification and relative quantification of
the small-molecule complement of biological systems. Anal
Chem 81: 6656–6667.

Filomeni G, De Zio D, Cecconi F. 2015. Oxidative stress and
autophagy: the clash between damage and metabolic needs.
Cell Death Differ 22: 377–388.

GershonTR, Crowther AJ, TikunovA,Garcia I, Annis R, YuanH,
Miller CR,Macdonald J, Olson J, DeshmukhM. 2013. Hexoki-
nase-2-mediated aerobic glycolysis is integral to cerebellar
neurogenesis and pathogenesis of medulloblastoma. Cancer
Metab 1: 2.

Giovannini C, Matarrese P, Scazzocchio B, Sanchez M, Masella
R,MalorniW. 2002.Mitochondria hyperpolarization is an ear-
ly event in oxidized low-density lipoprotein-induced apopto-
sis in Caco-2 intestinal cells. FEBS Lett 523: 200–206.

Haggblad Sahlberg S, Mortensen AC, Haglof J, Engskog MK,
Arvidsson T, Pettersson C, Glimelius B, Stenerlow B, Nestor
M. 2017. Different functions of AKT1 and AKT2 in molecular
pathways, cell migration and metabolism in colon cancer
cells. Int J Oncol 50: 5–14.

Hanahan D, Weinberg RA. 2011. Hallmarks of cancer: the next
generation. Cell 144: 646–674.

Hardie DG, Ross FA, Hawley SA. 2012. AMPK: a nutrient and en-
ergy sensor that maintains energy homeostasis. Nat Rev Mol
Cell Biol 13: 251–262.

He Z, Liu H, Agostini M, Yousefi S, Perren A, Tschan MP, Mak
TW, Melino G, Simon HU. 2013. p73 regulates autophagy
and hepatocellular lipidmetabolism through a transcriptional
activation of theATG5 gene.Cell DeathDiffer 20: 1415–1424.

Hensley CT, Wasti AT, DeBerardinis RJ. 2013. Glutamine and
cancer: cell biology, physiology, and clinical opportunities. J
Clin Invest 123: 3678–3684.

Hill RM, Kuijper S, Lindsey JC, Petrie K, Schwalbe EC, Barker K,
Boult JK, Williamson D, Ahmad Z, Hallsworth A, et al. 2015.
Combined MYC and P53 defects emerge at medulloblastoma
relapse and define rapidly progressive, therapeutically target-
able disease. Cancer Cell 27: 72–84.

Jiang P, Du W, Yang X. 2013. A critical role of glucose-6-phos-
phate dehydrogenase in TAp73-mediated cell proliferation.
Cell Cycle 12: 3720–3726.

Leprivier G, Remke M, Rotblat B, Dubuc A, Mateo AR, Kool M,
Agnihotri S, El-Naggar A, Yu B, Somasekharan SP, et al.
2013. The eEF2 kinase confers resistance to nutrient depriva-
tion by blocking translation elongation. Cell 153: 1064–1079.

Niklison-Chirou et al.

1752 GENES & DEVELOPMENT

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

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


Li ZQ, Gu XY, Hu JX, Ping Y, Li H, Yan JY, Li J, Sun R, Yu ZJ,
Zhang Y. 2016. Hepatitis C virus core protein impairs meta-
bolic disorder of liver cell via HOTAIR–Sirt1 signalling.Biosci
Rep 36: e00336.

Liu X, Yuan H, Niu Y, Niu W, Fu L. 2012. The role of AMPK/
mTOR/S6K1 signaling axis in mediating the physiological
process of exercise-induced insulin sensitization in skeletal
muscle of C57BL/6 mice. Biochim Biophys Acta 1822:
1716–1726.

Liu H, Zhang W, Wang K, Wang X, Yin F, Li C, Wang C, Zhao B,
Zhong C, Zhang J, et al. 2015. Methionine and cystine double
deprivation stress suppresses glioma proliferation via induc-
ing ROS/autophagy. Toxicol Lett 232: 349–355.

Louis DN, Ohgaki H, Wiestler OD, Cavenee WK, Burger PC, Jou-
vet A, Scheithauer BW, Kleihues P. 2007. The 2007WHOclas-
sification of tumours of the central nervous system. Acta
Neuropathol 114: 97–109.

Maddocks OD, Berkers CR, Mason SM, Zheng L, Blyth K, Gott-
lieb E, Vousden KH. 2013. Serine starvation induces stress
and p53-dependentmetabolic remodelling in cancer cells.Na-
ture 493: 542–546.

Maddocks OD, Labuschagne CF, Adams PD, Vousden KH. 2016.
Serine metabolism supports the methionine cycle and DNA/
RNA methylation through de novo ATP synthesis in cancer
cells. Mol Cell 61: 210–221.

Mari M, Morales A, Colell A, Garcia-Ruiz C, Fernandez-Checa
JC. 2009. Mitochondrial glutathione, a key survival antioxi-
dant. Antioxid Redox Signal 11: 2685–2700.

Marullo R, Werner E, Degtyareva N, Moore B, Altavilla G, Ram-
alingam SS, Doetsch PW. 2013. Cisplatin induces amitochon-
drial-ROS response that contributes to cytotoxicity depending
on mitochondrial redox status and bioenergetic functions.
PLoS One 8: e81162.

Meiser J, Tumanov S,Maddocks O, Labuschagne CF, AthineosD,
Van Den Broek N, Mackay GM, Gottlieb E, Blyth K, Vousden
K, et al. 2016. Serine one-carbon catabolism with formate
overflow. Sci Adv 2: e1601273.

Mihaylova MM, Shaw RJ. 2011. The AMPK signalling pathway
coordinates cell growth, autophagy and metabolism. Nat
Cell Biol 13: 1016–1023.

Moreno-Sanchez R, Rodriguez-Enriquez S, Saavedra E, Marin-
Hernandez A, Gallardo-Perez JC. 2009. The bioenergetics of
cancer: is glycolysis the main ATP supplier in all tumor cells?
Biofactors 35: 209–225.

Nicholson JK, Lindon JC, Holmes E. 1999. ‘Metabonomics’: un-
derstanding themetabolic responses of living systems to path-
ophysiological stimuli via multivariate statistical analysis of
biological NMR spectroscopic data. Xenobiotica 29:
1181–1189.

Niklison-Chirou MV, Steinert JR, Agostini M, Knight RA, Dins-
dale D, Cattaneo A, Mak TW, Melino G. 2013. TAp73 knock-
out mice showmorphological and functional nervous system
defects associatedwith loss of p75 neurotrophin receptor.Proc
Natl Acad Sci 110: 18952–18957.

Northcott PA, ShihDJ, Peacock J, Garzia L,Morrissy AS, Zichner
T, Stutz AM, Korshunov A, Reimand J, Schumacher SE, et al.
2012. Subgroup-specific structural variation across 1,000 me-
dulloblastoma genomes. Nature 488: 49–56.

PhoenixTN, PatmoreDM, Boop S, BoulosN, JacusMO, Patel YT,
Roussel MF, Finkelstein D, Goumnerova L, Perreault S, et al.
2016. Medulloblastoma genotype dictates blood brain barrier
phenotype. Cancer Cell 29: 508–522.

Pozniak CD, Barnabe-Heider F, Rymar VV, Lee AF, Sadikot AF,
Miller FD. 2002. p73 is required for survival and maintenance
of CNS neurons. J Neurosci 22: 9800–9809.

Ramaswamy V, Nor C, Taylor MD. 2015. p53 and meduloblas-
toma. Cold Spring Harb Perspect Med 6: a026278.

Rosenbluth JM, Pietenpol JA. 2009. mTOR regulates autophagy-
associated genes downstream of p73. Autophagy 5: 114–116.

Rufini A, Niklison-Chirou MV, Inoue S, Tomasini R, Harris IS,
Marino A, Federici M, Dinsdale D, Knight RA, Melino G,
et al. 2012. TAp73 depletion accelerates aging through meta-
bolic dysregulation. Genes Dev 26: 2009–2014.

Talos F, Abraham A, Vaseva AV, Holembowski L, Tsirka SE,
Scheel A, Bode D, Dobbelstein M, Bruck W, Moll UM. 2010.
p73 is an essential regulator of neural stem cell maintenance
in embryonal and adult CNS neurogenesis. Cell Death Differ
17: 1816–1829.

TaylorMD,Northcott PA, Korshunov A, RemkeM, Cho YJ, Clif-
ford SC, Eberhart CG, Parsons DW, Rutkowski S, Gajjar A,
et al. 2012.Molecular subgroups ofmedulloblastoma: the cur-
rent consensus. Acta Neuropathol 123: 465–472.

Tech K, DeshmukhM, Gershon TR. 2015. Adaptations of energy
metabolism during cerebellar neurogenesis are co-opted in
medulloblastoma. Cancer Lett 356: 268–272.

VanbokhovenH,MelinoG,Candi E,DeclercqW. 2011. p63, a sto-
ry of mice and men. J Invest Dermatol 131: 1196–1207.

Velletri T, Romeo F, Tucci P, Peschiaroli A, Annicchiarico-Pet-
ruzzelli M, Niklison-Chirou MV, Amelio I, Knight RA, Mak
TW,Melino G, et al. 2013. GLS2 is transcriptionally regulated
by p73 and contributes to neuronal differentiation.Cell Cycle
12: 3564–3573.

Warburg O. 1956. On the origin of cancer cells. Science 123:
309–314.

Wise DR, Thompson CB. 2010. Glutamine addiction: a new ther-
apeutic target in cancer. Trends Biochem Sci 35: 427–433.

Wu CA, Chao Y, Shiah SG, Lin WW. 2013. Nutrient deprivation
induces the Warburg effect through ROS/AMPK-dependent
activation of pyruvate dehydrogenase kinase. Biochim Bio-
phys Acta 1833: 1147–1156.

YangA,WalkerN, BronsonR, KaghadM,OosterwegelM, Bonnin
J, Vagner C, Bonnet H, Dikkes P, Sharpe A, et al. 2000. p73-de-
ficientmice have neurological, pheromonal and inflammatory
defects but lack spontaneous tumours. Nature 404: 99–103.

Zhao J, Zhai B, Gygi SP, Goldberg AL. 2015. mTOR inhibition ac-
tivates overall protein degradation by the ubiquitin protea-
some system as well as by autophagy. Proc Natl Acad Sci
112: 15790–15797.

Zhu J, Jiang J, Zhou W, Chen X. 1998. The potential tumor sup-
pressor p73 differentially regulates cellular p53 target genes.
Cancer Res 58: 5061–5065.

Zitterbart K, Zavrelova I, Kadlecova J, Spesna R, Kratochvilova A,
Pavelka Z, Sterba J. 2007. p73 expression inmedulloblastoma:
TAp73/ΔNp73 transcript detection and possible association of
p73α/ΔNp73 immunoreactivity with survival.Acta Neuropa-
thol 114: 641–650.

p73 regulates GLS-2 in medulloblastoma

GENES & DEVELOPMENT 1753

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

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


 10.1101/gad.302349.117Access the most recent version at doi:
 originally published online September 26, 201731:2017, Genes Dev. 

  
Maria Victoria Niklison-Chirou, Ida Erngren, Mikael Engskog, et al. 
  
TAp73 is a marker of glutamine addiction in medulloblastoma

  
Material

Supplemental
  

 http://genesdev.cshlp.org/content/suppl/2017/09/26/gad.302349.117.DC1

Related Content

  
 Genes Dev. September , 2017 31: 1715-1716

Marco Napoli and Elsa R. Flores
by glutamine withdrawal
Another case for diet restriction: TAp73-expressing medulloblastomas are stunted

  
References

  
 http://genesdev.cshlp.org/content/31/17/1738.full.html#related-urls

Articles cited in:
  

 http://genesdev.cshlp.org/content/31/17/1738.full.html#ref-list-1
This article cites 56 articles, 11 of which can be accessed free at:

  
License

Commons 
Creative

.http://creativecommons.org/licenses/by/4.0/
License (Attribution 4.0 International), as described at 

, is available under a Creative CommonsGenes & DevelopmentThis article, published in 

Service
Email Alerting

  
 click here.right corner of the article or 

Receive free email alerts when new articles cite this article - sign up in the box at the top

© 2017 Niklison-Chirou et al.; Published by Cold Spring Harbor Laboratory Press

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

http://genesdev.cshlp.org/lookup/doi/10.1101/gad.302349.117
http://genesdev.cshlp.org/content/suppl/2017/09/26/gad.302349.117.DC1
http://genesdev.cshlp.org/content/genesdev/31/17/1715.full.html
http://genesdev.cshlp.org/content/31/17/1738.full.html#ref-list-1
http://genesdev.cshlp.org/content/31/17/1738.full.html#related-urls
http://creativecommons.org/licenses/by/4.0/
http://genesdev.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gad.302349.117&return_type=article&return_url=http://genesdev.cshlp.org/content/10.1101/gad.302349.117.full.pdf
http://genesdev.cshlp.org/cgi/adclick/?ad=51760&adclick=true&url=https%3A%2F%2Fipaper.ipapercms.dk%2FEXIQON%2FMarketing%2Ftechnote%2FNGS-comparison-of-methods-for-microrna-profiling-from-plasma-and-plasma-derived-exosomes%3Futm_source%3DCSHL%26utm_medium
http://genesdev.cshlp.org/
http://www.cshlpress.com

