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Aberrant activation of SHH pathway is a major cause of medulloblastoma (MB), the most frequent brain malignancy
of the childhood. A few Hedgehog inhibitors, all antagonizing the membrane transducer Smo, have been approved or
are under clinical trials for the treatment of human MB. However, the efficacy of these drugs is limited by
the occurrence of novel mutations or by activation of downstream or non-canonical Hedgehog components. Thus, the
identification of novel druggable downstream pathways represents a critical step to overcome this problem. In the
present work we demonstrate that aerobic glycolysis is a valuable HH-dependent downstream target, since its
inhibition significantly counteracts the HH-mediated growth of normal and tumor cells. Hedgehog activation induces
transcription of hexokinase 2 (HK2) and pyruvate kinase M2 (PKM2), two key gatekeepers of glycolysis. The process is
mediated by the canonical activation of the Gli transcription factors and causes a robust increase of extracellular lactate
concentration. We show that inhibition of glycolysis at different levels blocks the Hedgehog-induced proliferation of
granule cell progenitors (GCPs), the cells from which medulloblastoma arises. Remarkably, we demonstrate that this
glycolytic transcriptional program is also upregulated in SHH-dependent tumors and that pharmacological targeting
with the pyruvate kinase inhibitor dichloroacetate (DCA) efficiently represses MB growth in vitro and in vivo. Together,
these data illustrate a previously uncharacterized pharmacological strategy to target Hedgehog dependent growth,
which can be exploited for the treatment of medulloblastoma patients.

Introduction

Medulloblastoma (MB) is the most frequent brain malignancy
of the childhood and is usually treated with a combination of sur-
gery, chemotherapy and radiotherapy. The lethality of this tumor
is about 30% and survivors often develop severe long-term neu-
rological side effects, which have prompted effort to develop new
therapeutic strategies.1

MB originates from granule cell progenitors (GCPs),2 a neuro-
nal cell population that undergoes proliferation in the external
granule layer (EGL) followed by migration in the internal granule
layer (IGL) and differentiation into mature granules during cere-
bellar development.3 A leading cause of MB is the aberrant activa-
tion of the Sonic Hedgehog (SHH) pathway, a developmental
signaling that regulates postnatal development of the cerebellum
by promoting the mitotic expansion of GCPs in the EGL.4

Activation of the SHH pathway starts with the interaction of
the ligand with the inhibitory receptor Patched1 (Ptch1), which
causes the derepression of the transmembrane transducer
Smoothened (Smo). Following ligand/receptor interaction, Smo
migrates to the tip of the cilium, a microtubule based organelle,
and triggers a series of intracellular events that terminates with
the activation of the Gli transcription factors (Gli1, Gli2 and
Gli3).5 The transcriptional targets regulated by SHH/Gli path-
way have been in part elucidated and include genes involved in
key cellular processes such as cell cycle, survival, migration and
metabolism.6

Somatic or germline activating mutations of genes encoding
SHH pathway components (i.e. Ptch1, Sufu, Smo, Gli2) have
been found in MB patients belonging to the so-called SHHmolec-
ular subgroup.7 Furthermore, hyperactivation of SHH signaling,
unrelated to genetic mutations, has been observed in MB and
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other tumors. For this reason, a substantial effort is being made to
identify drugs that efficiently inhibit the SHH signaling.8

To date, most of the drugs found and tested in preclinical
and clinical trials are Smo inhibitors. However, these com-
pounds are not effective in case of mutations of components
downstream of Smo or activation of non-canonical pathways,
activating Gli. Additionally, despite the good initial response,
patients treated with Smo inhibitors eventually develop resis-
tance, due to the occurrence of novel mutations.8 For all these
reasons, it is now widely believed that the development of
drugs targeting downstream HH effectors would be a more
appropriate strategy.

A few Gli inhibitors have been identified, such as GANT61
and arsenic trioxide (ATO) and they have shown a good inhibi-
tory effect on HH-dependent transcription and MB growth in
vitro and in vivo.9,10 However, none of these drugs have entered
into clinical trials to date, mostly because their potential toxicity
or lack of specificity is still a major concern.

A valuable approach, alternative to direct Gli inhibition,
would be the identification of Gli-regulated events that are
required for tumor growth and that could be targeted with drugs
of known clinical efficacy.

In the present work we show that one of these druggable target
is the metabolic reprogramming onto aerobic glycolysis, a process
called Warburg effect that was recently described in Hedgehog-
dependent cells and that is common to many highly proliferating
and tumor cells.11,12 We illustrate that, through the canonical
Gli-dependent pathway, Hedgehog governs a transcriptional pro-
gram that shifts cell metabolism toward aerobic glycolysis.
Importantly, we demonstrate that pharmacological inhibition of
glycolysis efficiently counteracts tumor growth in vitro and in
vivo, thus representing a promising avenue for the treatment of
HH-dependent medulloblastoma.

Results

Hedgehog-induced GCPs proliferation requires glycolysis
through the canonical pathway

Cell proliferation is an energy-demanding process that often
relies on glucose and its metabolic reprogramming onto the gly-
colytic pathway to generate ATP and precursors.13 To study if
HH-driven proliferation of GCPs selectively requires this glyco-
lytic reprogramming, we measured BrdU incorporation in the
presence of two different hexoses: glucose and galactose. Indeed,
while glucose can be channeled into both aerobic glycolysis and
oxidative phosphorylation cascades, galactose may only force cell
metabolism toward mitochondrial oxidative phosphorylation.14

We used the concentration of 25 mM for both glucose and galac-
tose to maintain the same osmotic pressure in the culture
medium.15 In the presence of 25 mM glucose, GCPs prolifera-
tion was significantly induced by fifteen fold upon incubation of
cells with SHH, compared to control, as evaluated by measuring
the BrdU incorporation (Fig. 1A). In contrast, in the presence of
the same concentration of galactose, SHH-induced GCPs prolif-
eration was markedly reduced, thus indicating that proper HH-

induced proliferation of GCPs requires glucose, channeled
toward the glycolytic pathway.

Previous studies in GCPs and medulloblastoma have shown a
HH-dependent upregulation of hexokinase 2 (HK2) expres-
sion.6,11 In addition, the protein levels of PKM2, a key gate-
keeper of the aerobic glycolytic pathway, were also found
upregulated by SHH.16 To determine whether Hedgehog indu-
ces PKM2 at the mRNA level, we performed quantitative PCR.
As shown in Figure 1B, both HK2 and PKM2 transcripts were
significantly upregulated in GCPs, treated with SHH or the Smo
agonist SAG. To study if this upregulation was Gli-dependent,
we tested the effect of the Gli inhibitor arsenic trioxide
(ATO).10,17 As shown in Figure 1C, ATO inhibited the SHH-
induced increase of both mRNAs, demonstrating that the
observed effect is mediated by the Gli transcription factors. Con-
sistent with the upregulation of these glycolytic targets, treatment
of GCPs with SAG induced a robust increase of the lactate
released in the medium that was counteracted by ATO
(Fig. 1D), thus indicating that the production of this metabolite
is dependent on HH/Gli activation.

It was shown that, in metabolic tissues and fibroblasts, activa-
tion of Smo promotes a Warburg-like effect, through a rapid
Gli-independent and AMPK-mediated activation of key glyco-
lytic enzymes.18 Therefore, to further verify that lactate was pro-
duced by activation of Gli, we incubated GCPs with
purmorphamine, a Smo agonist that selectively activates the
canonical, Gli-dependent route.18 As shown in Figure 1E, pur-
morphamine increased HK2 and PKM2 mRNAs and the extra-
cellular lactate content without affecting AMPK activity, as
documented by the unchanged phosphorylation status of the
AMPK substrate ACC. Conversely, ACC was efficiently phos-
phorylated in SAG-treated cells, confirming previous
observations.18

Together, these data indicate that activation of the canonical
Hedgehog signaling promotes glycolysis by upregulating PKM2
and HK2 mRNA levels via Gli.

We next wondered whether pharmacological inhibition of
glycolysis counteracts GCPs proliferation. To this end, we mea-
sured BrdU incorporation of GCPs in the presence of dichloroa-
cetate (DCA), a small molecule inhibitor of pyruvate
dehydrogenase kinase, which promotes the entry of pyruvate into
the TCA cycle and prevents the conversion of pyruvate to lac-
tate.19 Incubation with DCA caused a dose-dependent inhibition
of HH-induced GCPs proliferation (Fig. 2A). A similar effect
was observed upon incubation of GCPs with two other inhibitors
of glycolysis: 2-deoxyglucose (2DG), which inhibits the produc-
tion of Glucose-6-phosphate, and 3-Bromopyruvate, a potent
hexokinase II inhibitor (Fig. S1A and S1B), thus demonstrating
that glycolysis is an essential and druggable metabolic requisite
during HH-induced neuronal proliferation.

It was observed that DCA enhances apoptosis, by promot-
ing mitochondrial glucose oxidation via the TCA cycle with
consequent increased production of reactive oxygen species
(ROS).19 Therefore we asked if, in addition to the observed
inhibitory effect on cell proliferation, DCA treatment was
also associated to increased apoptosis in Hedgehog-induced
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Figure 1. GCPs metabolic rewiring is sustained by canonical Hedgehog signaling. (A) GCPs proliferation requires glucose. BrdU assay in GCPs treated
with SHH (3 mg/mL, 48 h) in the presence of glucose or D-galactose (25 mM, 48 hours). BrdUC cells are expressed as a percentage of the total number
of cells. Data represents the average ¡/C SD of 3 independent experiments. *SHH vs control, P < 0.05. (B) Quantitative real-time PCR from isolated GCPs
demonstrates that Hedgehog agonists (SAG, 200 nM; SHH, 3 mg/mL, 48 hours) induce HK2 and PKM2 mRNA expression. *SHH and SAG vs control, P <

0.05. (C) Hedgehog-induced HK2 and PKM2 mRNA expression is mediated by Gli transcription factors. GCPs were treated with SAG (48 hours) and arsenic
trioxide (ATO, 5 mM, 24 hours) and transcript levels were analyzed. *SAG vs control, P < 0.05; **ATO vs SAG, P < 0.05. (D) Left, dose-response effect of
ATO in SAG-induced L-lactate production in GCPs. Values were normalized for cell number and expressed as fold change relative to vehicle-treated val-
ues. Right, quantitative real-time PCR analysis of Gli1 transcript levels to show efficacy of the treatments. *SAG vs control, P < 0.05; **ATO vs SAG, P <

0.05. (E) Purmorphamine (2 mM, 72 hours) increases HK2 and PKM2 transcription (left) and lactate synthesis (middle) in GCPs. Western blot analysis
(right) shows that purmorphamine treatment has no effect on ACC phosphorylation whereas SAG does. *Purmorphamine vs control, P < 0.01; n D 3.
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GCPs. As shown in Figure 2B, DCA treatment increased the
percentage of cell death and promoted apoptotic processes, as
evaluated by the increased expression of caspase 3 and the
induction of the 89 kD cleaved fragment of poly(ADP-
ribose) polymerase (PARP).

Together, these data demonstrate that inhibition of glycolysis
with DCA suppresses proliferation and induces apoptosis in
SHH-treated GCPs.

Inhibition of glycolysis counteracts the growth of HH-
dependent medulloblastoma

Having observed a druggable glycolytic requirement for HH
induced GCPs proliferation, we next asked whether this mecha-
nism could be exploited for treatment of HH-dependent medul-
loblastoma, a tumor that originates from GCPs when SHH
signaling is aberrantly activated.2

Compared to normal cerebella, the content of HK2 and
PKM2 mRNAs, as well as lactate, were strongly increased in
medulloblastoma from Math1-Cre/Ptcfl/fl mice, harboring condi-
tional deletion of Patched (Ptch) in cerebellar Math1-expressing
progenitor cells20 (Fig. 3A and B).

Since the growth of these tumors is suppressed by the Smo
inhibitor cyclopamine, we next tested the effect of this drug
in the SHH induced metabolic reprogramming of MB cells.
To this end, tumors were explanted, cultured and exposed to
the Smo inhibitor cyclopamine, which caused a robust inhibi-
tion of cell proliferation, accompanied to a marked decrease
of HK2 and PKM2 mRNA and of extracellular lactate con-
centration (Fig 3C, D, E). This indicates that the aberrantly
activated HH-Gli signaling is responsible of the upregulated
glycolytic transcriptional program in these tumors and sug-
gests that the effect of cyclopamine involves the inhibition of
metabolic reprogramming. To test if inhibition of glycolysis
is efficient in counteracting the growth of SHH-MB tumors,
we treated MB cells with DCA. The treatment led to a sig-
nificant, dose-dependent reduction of cell proliferation, as
evaluated by the analysis of BrdU incorporation (Fig. 4A). In
addition, DCA promoted apoptosis of SHH-dependent MB
cells as documented by the analysis of caspase 3 and cleaved
PARP expression (Fig. 4B). As shown in Fig. 4C, extracellu-
lar lactate content decreased after DCA treatment in a dose-
dependent manner. Therefore, these data indicate that

Figure 2. DCA decreases proliferation and induces apoptosis in GCPs. (A) Left, DCA decreases proliferation in GCPs. BrdU incorporation assay in cells
treated with DMSO or with SAG (200 nM, 48 hours) and increasing amounts of DCA for 48 hours. BrdU was added for the last 24 hours. Right, represen-
tative images of BrdU staining. Scale bar D 50 mm. *SAG vs control, P < 0.05; **DCA versus SAG, P < 0.01. (B) Left, DCA increases cell death in SAG-
treated GCPs, as measured by the increase of the number of condensed and fragmented nuclei compared to control. Right, DCA increases active PARP
and caspase 3. *DCA versus control, P < 0.01; n D 4.
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glycolysis has the double effect of promoting growth and pre-
venting apoptosis also in these cancer cells.

To analyze the effect of DCA in a preclinical setting, we allog-
rafted HH-dependent MB cells from Math1-Cre/Ptcfl/fl mice into
nude mice and administered 1.4 g/l DCA (corresponding to a
calculated 100 mg/Kg/die, used in patients) in the drinking water,
monitoring the tumor volume every other day. Compared to con-
trols, tumors treated with DCA showed a significantly reduced
growth rate (Fig. 5A), with an average tumor volume that was
3 times smaller than control at the end of the treatment (Fig. 5B)
and this reduction was associated to a significant decrease of lac-
tate content in tumors from DCA treated mice (Fig. 5C).

In keeping with the in vitro data, we observed a reduction of
proliferating cells in tumor sections from DCA-treated mice, as
evaluated by immunohistochemical analysis of Ki67 antigen.
Additionally, tumors from DCA-treated mice showed increased
caspase 3 staining, thus demonstrating that the same cascade of
events observed in cell cultures also occurs in vivo (Fig. 5D).

Collectively, these data demonstrate that, by disrupting the
glycolytic reprogramming, treatment with DCA has a powerful
inhibitory effect on SHH-dependent tumor growth both in vitro
and in vivo.

Discussion

The present work unmasks the high vulnerability of proliferat-
ing SHH-stimulated cerebellar progenitors and their tumor
counterparts to pharmacological inhibition of aerobic glycolysis.

A work by Gershon and colleagues11 showed that, by upregu-
lating hexokinase 2 mRNA levels, HH signaling promotes meta-
bolic rewiring toward aerobic glycolysis. This process, confirmed
by our data, was shown to be required for proper GCPs and
SHH MB proliferation and conditional deletion of HK2 gene in
mice was able to attenuate medulloblastoma aggressiveness11. In
this work we have extended that observation and found that
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Figure 3. Medulloblastoma exhibits a glycolytic phenotype that can be reversed by cyclopamine. (A) Quantitative real-time PCR analysis of HK2 and
PKM2 mRNA expression in medulloblastoma from Math1-Cre/Ptcfl/fl mice (MB) compared to normal adult mice cerebella (Normal). *MB versus Normal,
P < 0.05; n D 4. (B) Local L-lactate concentration in medulloblastoma from Math1-Cre/Ptcfl/fl mice compared to normal cerebella. Values are expressed
as ng of lactate/mg of tissue. *MB versus Normal, P < 0.05 (C, D) MB neurospheres were incubated with 0.5 or 1 mM cyclopamine-KAAD for 48 hours and
cell number was measured at the end of the treatment (C). HK2 and PKM2 mRNA levels were assessed in 1 mM Cyclopamine-KAAD treated cells (D). *P
< 0.01 n D 4. (E) Cyclopamine-KAAD treatment (1 mM, 48 hours) decreases extracellular L-lactate levels in medulloblastoma cells cultures. Values were
normalized for cell number and expressed as fold change relative to vehicle-treated values *Cyclopamine-KAAD versus control, P < 0.05, n D 3.
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PKM2 mRNA levels are also upregulated by the Hedgehog path-
way, thus contributing to the glycolytic reprogramming observed
in GCPs and tumors.

The Warburg effect has been mainly explained as a mecha-
nism used by the highly proliferating cells for a double purpose:
i) to generate intermediates required to synthesize the macromo-
lecules needed to build up the so-called biomass and ii) to pre-
vent apoptosis due to the massive production of ROS generated
by an upregulated TCA cycle.21

According to this view, we have observed that inhibition of
glycolysis with DCA promotes a dual effect of inhibition of cell
proliferation and induction of apoptosis.

In a previous work it was demonstrated that Smo activation in
non-neuronal cells (adipocytes, muscle cells and fibroblasts) pro-
motes a metabolic shift to the aerobic glycolysis, by activating a
non-canonical, fast-acting route, involving CaCC entry, activa-
tion of CamKK4 and AMPK-dependent phosphorylation of key
glycolytic enzymes.18 Interestingly, the available Smo modulating

Figure 4. Glycolytic phenotype promotes proliferation and survival in medulloblastoma neurospheres. (A) DCA treatment (48 hours) of medulloblastoma
neurospheres proliferation, measured by BrdU incorporation (red). Cells were counterstained by nuclear fluorescent stain Hoecst33342 (blue). Scale
bar D 100 mm. *DCA versus control, P < 0.01; n D 4 (B) Apoptotic markers (PARP and Caspase 3 activation) and b-actin levels (as loading control) were
detected by Western blotting, n D 4. (C) L-lactate levels in MB neurospheres, treated as above. Values are expressed as fold change, relative to untreated
cells. *P < 0.01; n D 4.
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compounds appear to exert distinct functions on the canonical vs
non canonical Smo-AMPK axis. For instance, SAG seems to be
able to activate both branches, while cyclopamine and pur-
morphamine appear to act as selective partial agonists on the
non-canonical and canonical route, respectively. The ability of
the canonical activator purmorphamine to significantly promote
glycolysis and the strong inhibitory effect of the Gli inhibitor
ATO on extracellular lactate concentration clearly indicate that a

major fraction of this metabolite in SHH-treated GCPs comes
from Gli dependent mechanism.

A very relevant finding of this work is the effect of the glyco-
lytic inhibitor DCA on SHH-dependent tumor growth.

We demonstrate here that a preclinical pharmacological
approach targeting the same metabolic pathway can significantly
limit the in vivo growth of SHH-dependent medulloblastoma.
This observation is relevant since resistance to Smo antagonists is

Figure 5. DCA decreases tumor size in medulloblastoma allograft models. (A) MB neurospheres were injected into the flanks of athymic mice and DCA
(1.4 g/l) was administered in the drinking water. Measures were performed when tumors reached a measurable volume (day 0). (B) Representative
images of tumors at the end of the treatment. Tumor size was measured by calipers in vivo and after euthanasia. *DCA versus vehicle, P < 0.05. (C) Local
L-lactate concentration in tumors from vehicle-treated and DCA-treated groups. Values were normalized for tissue weight (mg) and expressed as fold
change relative to control. Data represents the average ¡/C SD of 3 independent experiments. *DCA versus vehicle, P < 0.05 n D 3. (D) Immunohis-
tochemistry of Ki67 and Caspase 3 expression in tumor sections from vehicle and DCA-treated mice.
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a major burden in the treatment of medulloblastoma of the SHH
subgroup and, despite the extensive investigation, clinically
approved inhibitors of HH-regulated downstream effectors are
still unavailable. Here we demonstrate that one of the effects of
cyclopamine in these tumors is the inhibition of the Gli-medi-
ated glycolytic program and lactate production, a process that is
required for tumor growth in vitro and in vivo. Importantly,
pharmacological inhibition of glycolysis suppresses SHH depen-
dent tumor growth, therefore demonstrating that targeting this
Gli-regulated process could be a valuable strategy to overcome
the problem of resistance observed after treatment with Smo
antagonists. However, since we used heterotopic flank allograft,
further studies with orthotopic implantation of tumor cells will
be required to properly evaluate the pharmacokinetics, drug dis-
tribution and long-term tumor response to this drug.

DCA is a small molecule that has a good safety profile and
minimal side effects. It has been long used for the treatment of
lactic acidosis linked to inherited mitochondrial diseases and in
recent years has shown a significant antitumor activity in xeno-
graft models of many forms of cancers.19,22-26 As for brain
tumors, DCA has been tested in a clinical trial of glioblastoma
multiforme (GBM)27 and is still under evaluation (http://clini-
caltrials.gov/show/nct01111097). Thus, this small molecule
appears to be a good candidate for clinical trials in MB patients
of the SHH subgroup. Further preclinical and clinical studies
with this DCA, alone or in combination with other drugs, are
required to clarify these critical aspects.

Materials and Methods

Reagents
D-Galactose, 2-deoxy-D-glucose, 3-BrPA, sodium dichloroa-

cetate, arsenic trioxide were purchased from Sigma-Aldrich. 3-
BrPA was prepared by dissolving the powder in PBS and adjusted
to pH 7.0 with NaOH. Hedgehog agonists SAG (200 nM, Enzo
Life Sciences), rmShh-N (3 mg/mL, R&D systems), Purmorph-
amine (2 mM, Millipore) were added to serum free medium.
Cyclopamine-KAAD was purchased from Millipore.

Antibodies for immunostaining were obtained from commer-
cial sources: GLI1, phospho-ACC, PARP, Caspase 3 were from
Cell Signaling Technology, tubulin and actin were from Santa
Cruz Biotechnologies.

Neurobasal medium, Neurobasal-A medium, Neurobasal-A
medium without D-glucose, B27 supplement, B27 supplement
minus vitamin A, HBSS were purchased from Life Technologies.

Cerebellar granules progenitors (GCPs) isolation and culture
Cultures of GCPs were carried out as described.28 Cerebella

were isolated from P7 mice, dissociated, plated onto poly-L-
lysine-coated coverslips and allowed to adhere in Neurobasal
medium, B27 supplement and 5% FBS. After 3 hours, medium
was replaced with serum-free medium and cells treated with
SAG. For 2-DG experiments, 2-DG was added to serum-free
medium at the final concentration of 25 mM. For galactose
experiments, media was replaced with Neurobasal A without

glucose and B27 supplement, and galactose was added at the final
concentration of 25 mM, as previously reported.15

GCPs proliferation assays
3,5 £ 10^5 GCPs were seeded in Neurobasal medium with

5% FBS onto poly-L-lysine-coated coverslips and allowed to
adhere. After 3 hours, medium was replaced with serum free
medium and cells were treated as indicated. BrdU was added to
medium for the last 24 hours of treatment. GCPs were fixed
with paraformaldeide (4%) and immunostained with BrdU-
labeling assay Kit (Roche). Stained cells were counted.

Medulloblastoma culture
MB cultures were derived from spontaneous, intracranial MB

from Math1-Cre/Ptcfl/fl mice. Tumors were removed, placed in
HBSS and mechanically disrupted. The cellular suspension was
digested with DNaseI (40 mL/mL, Sigma-Aldrich) for 30
minutes, mixing every 10 minutes. Cells were centrifuged at
1000 rpm for 5 minutes and the pellet suspended and cultured
in Neurobasal Media-A with B27 supplement minus vitamin A,
as previously described.29

Medulloblastoma proliferation assay
Equal number of single cell suspension from freshly isolated

MB was seeded and treated with the specific drugs for the indi-
cated time. The resulting MB neurospheres were dissociated,
mixed 1:1 with 0,4% Trypan blue dye and counted. For BrdU
experiments, cells were treated with BrdU for 24 hours. MB neu-
rospheres were then transferred onto poly-L-lysine-coated cover-
slips and allowed to adhere. The spheres were fixed and
immunostained with BrdU-labeling assay Kit (Roche). Stained
cells were counted.

Medulloblastoma allograft model
Freshly isolated MBs from Math1-Cre/Ptcfl/fl mice were disag-

gregated and injected into athymic nude mice (Charles River Lab-
oratories). 2 £ 106 cells were suspended in PBS and mixed 1:1
with Matrigel (BD Pharmingen), and injected subcutaneously
into the left and right flanks of ten mice (vehicle D 5, DCA D 5).
DCA was added into sterile drinking water to reach the final con-
centration of 1.4 g/l, corresponding to the dosage used for clinical
applications (100 mg/Kg/day). Tumor volumes were measured
with a caliper, starting when themasses reached 100 mm3 volume,
using the following formula: V D (L £W2)/2. Study events were
recorded and analyzed using GraphPad Prism software (v5.0a).

The local Ethics committee approved all the reported proce-
dures involving mice.

Quantitative real-time PCR
RNA extraction and quantitative real-time PCR were per-

formed as described.30,31

Cell pellets were lysed in TRI reagent solution (Ambion) and
total RNA was purified. cDNA was synthesized using SuperScript
II Reverse Transcriptase (Invitrogen) and transcript levels were
quantified on an Applied Biosystems ViiA 7 Real-Time PCR
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System instrument using Power Sybr Green PCR Master Mix
(Applied Biosystems). PCR primer sequences were the following:

Hk2 (forward 50-TGTGAAGATGCTGCCCACC-30; reverse
50-TGTTCTGTCCCATCCGGAGT-30) Pkm2(forward 50-TT
CGCATGCAGCACCTGAT-30; reverse 50-CCTCGAATAGC
TGCAAGTGGTA-30)

Gli1 (forward 50-AAGCCAACTTTATGTCAGGG-30;
reverse 50-AGAGCCCGCTTCTTTCTTAA-30)

Hprt (forward 50-GCTTCCTCCTCAGACCGCTT-30;
reverse 50-GGTCATAACCTGGTTCATCATCG-30)

Results were expressed as fold induction relative to control
samples using the DDCt method with Hprt as an internal
control.

Western blotting
GCPs and MB neurospheres were lysed in lysis buffer con-

taining 50 mM Tris-HCl, 2%SDS, 10% Glycerol, 10 mM
Na4P2O7, 100 mM NaF, 6 M urea, 10 mM EDTA and soni-
cated. Protein concentration was determined by NanoDrop
1000 spectrophotometer V3.7. 80 mg of proteins were separated
by SDS-PAGE, transferred on nitrocellulose membrane and
incubated with primary antibodies overnight.

L-lactate measurements
Lactic acid was analyzed as methoxime/tertbutyldimethylsilyl

derivatives as previously described.32 Briefly, cells were collected
by centrifugation at 1000 rpm for 5 minutes. 20 mL of superna-
tant were deproteinized by adding 100 mL of acetonitrile and
vortexed for 3 minutes. The mixtures were diluted 1:10 with dis-
tilled water and centrifuged at 15000 rpm for 15 minutes at 4�C
to pellet proteins. The deproteinized supernatant was used to
quantify extracellular L-lactate by GC-SIM-MS analysis. Ali-
quots of 0,25 ml of the supernatant layer spiked with the internal
standard (IS) 3,4-dimethoxybenzoyc acid (final concentration
1000 ng ml¡1) were added to 0,7 ml of distilled water and
adjusted to pH �13 with 7 M NaOH. Methoxymation was per-
formed by adding to the reaction mix methoxyamine hydrochlo-
ride (5 mg) at 60�C for 60 min. The samples were then washed
with diethylether (3 ml £ 2) and the aqueous phase was adjusted
to pH < 2 with concentrated sulfuric acid. The mixture was satu-
rated with NaCl and extracted with diethyl ether (3 ml) and

ethyl acetate (2 ml). The organic extracts were combined in the
presence of triethylamine (10 ml) and dried under reduced pres-
sure. The samples were then suspended in 30 ml of toluene sub-
jected to the second derivatization step by adding 20 ml of
MTBSTFA (65�C for 30 min) and analyzed by GC-MS. Results
were normalized on cell number and expressed as fold change rel-
ative to control samples. Each experiment was performed in trip-
licate and for at least 3 times. Cerebellum and medulloblastoma
samples were homogenized in a ice-bath using an ultra-turrax T8
blender with the addition of 1 mL water:acetonitrile (9:1). The
homogenized tissue was centrifuged at 13000 g for 15 min at
4�C. 0,25 ml of the cerebellum and medulloblastoma extract
were spiked with internal standard (IS) 3,4-dimethoxybenzoyc
acid (final concentration 1000 ng ml¡1) and subjected to
methoxymation/ tertbutyldimethylsilylation as described above.
Results were normalized on tissue weight and expressed as fold
change relative to control samples.

Immunohistochemistry
Immunohistochemical analysis of allografted tumor sections

was performed as described.31 The following antibodies and con-
ditions were used:

Ki67 (1:200, Leica Biosystems) was diluted in 1% serum PBS-
T. Caspase 3 (1:500, Cell Signaling) was diluted in 5% serum
PBS-T. Antibodies were incubated for one hour at room temper-
ature. Nuclei were counterstained with hematoxylin in accor-
dance with standard procedures.
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