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A b s t r a c t

Molecular pathways underlying medulloblastoma (MB), the most common malignant brain tumour in children, are
still under scrutiny. The mammalian target of the rapamycin (mTOR) pathway is one of the kinases that was recently
found to be implicated in a number of human tumours. Also in the case of MB it is suspected that mTOR dysregulation
may play an important role in pathogenesis. Active mTOR leads to translation of several proteins, some of which
affect cellular proliferation. On the other hand, Akt/PKB (protein kinase B) and Erk (extracellular signal-regulated
kinase, also called mitogen-activated protein kinase, MAPK) are two protein kinases whose hyperactivity leads to a number
of downstream effects, including activation of mTOR.
In our previous report we found that indeed Akt and Erk are variably activated in human MBs. However, because
MBs are a highly heterogeneous group of tumours, we were unable to associate Akt or Erk activation with all the
cases of MB. In this paper we evaluated six cases of MB, only of the classic subtype. We found that elements of the
Erk pathway are hyperactive in all six tumours. Thus, we postulate that in classic type of MB, growth factor stimulation
may lead to Erk upregulation and mTOR-dependent protein translation, causing malignant growth.
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Introduction

Medulloblastoma (MB) is one of the most fatal CNS
tumours among children, with five-year survival rates
ranging from 30% to 70%. The tumour has 
a tendency to metastasize and disseminate
throughout the CNS. Current standard treatment
involves surgery and combined chemotherapy/radio-
therapy. Unfortunately, because of the influence of

radiation on the developing CNS, therapy results in
severe side effects, i.e. memory, attention, motor fun-
ctioning, language and visuospatial deficits [20]. It is
postulated that further research could help determine
the most reliable prognostic factors which would be
used for the stratification of patients, which in turn
could allow adjustment of treatment radicality to
prognosis [5,17,18]. 

Implication of active Erk in the classic type 
of human medulloblastoma
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In the current WHO classification three main 
variants of MB are recognized: classic, desmoplastic
and large cell/anaplastic [13]. Molecular research is
currently underway, but determination of pathways
implicated in MB development seems very difficult,
e.g. because of the heterogeneity of this group of
tumours. Also the precise origin of MB has not been
clarified, although it is suspected that at least the
desmoplastic variant originates from cerebellar neural
precursor cells, i.e. external granular layer (EGL) cells,
although progenitor cell populations outside the EGL
are also likely the cells of origin for a subset of
medulloblastomas [4]. 

So far no single factor has been identified to
contribute to all cases of MB. Probably because of the
high heterogeneity of MB subtypes several signalling
pathways have been associated with MB development
[8]. One of them, WNT (human homologues of Wingless
in Drosophila), belongs to the family of embryonic growth
factors. WNTs, controlling β-catenin transcription factor,
are responsible for the regulation of genes modulating
cell proliferation, such as cyclin D1, c-Myc and N-Myc
[7,31]. It is estimated that mutations in proteins of the
WNT pathway may be responsible for about 15% of
sporadic MBs [6]. The status of β-catenin phosphorylation
and its translocation to the nucleus seems to favour WNT
implication in some MBs [22]. Also it has recently been
found that inappropriate histone modifications might
deregulate expression of Dickkopf-1 (DKK1), a Wnt
antagonist, in MB tumorigenesis and block its tumour-
suppressive activity [27]. 

Sonic hedgehog (Shh), liberated by the Purkinje
cells located between the molecular and granular layers
of the cerebellum, is a critical mitogen for granule cell
precursors. Under the influence of Shh EGL cells proli-
ferate and enter the inner granular layer (IGL), where
they stop dividing and start differentiating. Also
activation of the Shh pathway has been associated
with MB growth, as evidenced by stimulation of Gli
transcription factors [11]. It is hypothesized that Shh
promotes MB through inhibition of apoptosis, as
overexpression of Gli1 and Gli2 in MB cultures
increased Bcl-2 protein levels [1].

Other signalling pathways associated with MB for-
mation include mTOR-related molecules. mTOR controls
translation of around 10% of all intracellular proteins,
including those responsible for proliferation control, such
as cyclin D1 and ornithine decarboxylase [21,24]. mTOR
engagement has been demonstrated in several
neoplasms, including those developing in the brain. It

is postulated that mTOR upregulation may be caused
by stimulation of Akt/PKB (protein kinase B) and Erk
(extracellular signal-regulated kinase). Indeed, this
mechanism seems to be valid e.g. in subependymal
giant cell astrocytomas [9]. In our previous study we
showed that Akt and Erk are variably associated with
growth of all subtypes of MB [30]. In this study, we
aimed at focusing on a more homogeneous group of
tumours. Thus, we selected six cases of classic MB and
evaluated signalling status upstream and downstream
of Akt and Erk. We found that the Erk pathway was
upregulated in five of six classic MBs, while the status
of Akt does not seem to be significantly associated with
MB progression.

Material and Methods

TTiissssuuee  ssaammpplleess

Samples of six human MBs from six different
patients as well as control brain tissue were excised
during elective surgery and retrieved from the De-
partment of Pathology, Children’s Memorial Hospital,
Warsaw, Poland. Control brain tissue consisted of
periventricular regions of a patient operated on for
epilepsy and whole brain lysate of mouse.

CCeellll  ccuullttuurree

CHO (Chinese Hamster Ovary) cells, whose proli-
feration depends on Akt/Erk stimulation [12], were
cultured in Dulbecco Modified Eagle’s Medium
supplemented with 10% FCS, L-glutamine and anti-
biotics (Invitrogen, Carlsbad, CA). 

TTiissssuuee  llyyssiiss

Tissues were homogenized with a tissue grinder
in RIPA lysis buffer (20 mM Tris pH 7.5, 150 mM NaCl,
1% Nonidet P-40, 0.5% sodium deoxycholate, 1 mM
EDTA, 0.1% SDS) with 50 mM sodium fluoride and 
1 mM sodium orthovanadate, supplemented with 1x
Complete Protease Inhibitor (Roche, Indianapolis, IN, USA)
and Phosphatase Inhibitor Cocktail I (Sigma-Aldrich, 
St. Louis, MO, USA). In order to minimize differences in
the sample preparation procedure, all the samples were
processed at the same time, in the same conditions.
Before WB analysis tissue lysates were stored at –80°C.

WWeesstteerrnn  bblloott

Antibodies against phosphorylated forms Akt (S473)
(p-Akt), Akt (T308) (p-Akt), PDK1 (S241) (p-PDK1), Erk
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(Y204) (p-Erk), MEK1/2 (S217/221) (p-MEK1/2), p90 RSK1
(S380) (pRSK1) and against tubulin as well as secondary
antibodies (HRP-goat anti-rabbit or HRP-bovine anti-
mouse) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Antibodies against phosphorylated
PTEN (S380) (p-PTEN), c-Raf (S338) (p-c-Raf), Elk (S383)
(p-Elk) and GSK3β (S9) (p-GSK3β) were purchased from
Cell Signaling Technology (Beverly, MA, USA). 
20 µg of protein extracted from tissues or cell culture
were subjected to SDS PAGE in a 12% polyacrylamide
gel. Afterwards, the gels were transferred onto PVDF
membranes. After blocking with 5% non-fat dry milk 
in TBST (Tris buffered saline, 0.05% Tween), the blots
were incubated with respective primary and secondary
(HRP-conjugated) antibodies. Membranes were washed
in TBST buffer and proteins were detected by West Pico
chemiluminescence substrate (Pierce, Rocford, IL). 

Results

LLaacckk  ooff  ssttiimmuullaattiioonn  uuppssttrreeaamm  ooff  AAkktt

PTEN (phosphatase and tensin homologue) is 
a tumour suppressor protein which is found mutated
in many human sporadic cancers and in hereditary
cancer syndromes, such as Cowden disease. The major
substrate of PTEN is phosphatidylinositol-3,4,5-trisphos-
phate PIP3, a second messenger molecule produced
following PI3K (phosphatidylinositol 3-kinase) activation
induced by a variety of stimuli. When PTEN is inactive,
PIP3 activates Akt through the mediation of 3-
phosphoinositide dependent protein kinase-1 (PDK-1). 

In a preliminary experiment we tested the level of
PTEN phosphorylation, as a measure of its activity. We
did not find any differences between MBs and control
brain tissues (Fig. 1). Also, the amount of active PDK1
was not elevated in any of six cases compared to
control tissues.

WWeeaakk  uupprreegguullaattiioonn  ooff  AAkktt  iiss  aaccccoommppaanniieedd
bbyy  pphhoosspphhoorryyllaattiioonn  ooff  GGSSKK33ββ iinn  tthhrreeee  
ccaasseess

Active PDK1 translocates to the plasma membrane,
where Akt becomes phosphorylated in the catalytic
domain at T308. In addition, Akt is phosphorylated in
the regulatory domain at S473 through mechanisms not
completely understood. Phosphorylation of Akt at both
T308 and S473 is required for full kinase activity [28].
Consistently with lack of PDK1 activation, in the six eva-

luated cases of MB we did not find increased levels of
Akt phosphorylated at T308, although in two cases (MB1
and MB6), phosphorylation at S473 was slightly higher
than in control brain.

Glycogen synthase kinase 3β (GSK3β) is usually
thought to be a direct effector of active Akt. Thus, we
measured the amount of phosphorylated GSK3β in
order to confirm lack of Akt activation. In three cases
(MB1, MB3 and MB5) GSK3β was upregulated in
comparison to control (Fig. 1). This fact may be
explained by the existence of other kinases for GSK3β,
such as Erk [16].

RRaass//cc--RRaaff  uupprreegguullaattiioonn  wwaass  pprreesseenntt  
iinn  ffiivvee  ooff  ssiixx  ccaasseess

The canonical pathway for Ras activation begins with
dimerization and autophosphorylation of the receptor
tyrosine kinases that bind growth factors. As a result,
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FFiigg..  11..  Detection of proteins belonging to the Akt
pathway by Western blot. Six classic cases of MB
along with two negative (control brain tissue) and
one positive control (CHO cell line) were probed
with a panel of antibodies directed against the
active forms of proteins. PDK1, the direct
activator of Akt, was not upregulated in MB
samples, while two of six MBs showed very weak
stimulation of Akt. Protein loading was verified
by tubulin detection
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activated Ras can bind c-Raf, a serine/threonine-specific
kinase being MAP kinase kinase kinase (MAP3K) and
functioning downstream of the Ras family of membrane-
associated GTPases. Once activated, c-Raf can phospho-
rylate dual specificity protein kinase MEK (or MAP2K),
which in turn phosphorylates Erk.

We determined the level of c-Raf activation in MB
and found that in five (MB1, MB2, MB4-6) of six cases
c-Raf was upregulated, although the level of activation
varies between cases. 

EErrkk  aanndd  iittss  ddoowwnnssttrreeaamm  eeffffeeccttoorrss  wweerree
hhyyppeerraaccttiivvee

Finally, we aimed at confirming whether activation
of c-Raf is biologically significant and leads to recruitment
and phosphorylation of Erk. 

We found that MEK, the classical and direct activator
of Erk, is indeed active in five cases (M1-5). As a con-
sequence, also upregulation of Erk was noticed in four
cases (MB1, MB3-5). In the two remaining cases (M6)
Erk was also active, but at a level similar to control brain
tissue. We revealed that active Erk phosphorylates its

transcription factor Elk at S383. However, interestingly,
Elk phosphorylation was demonstrated in all six cases,
not only in those where Erk itself was upregulated.

Similarly, RSK1, another effector of Erk, was phos-
phorylated in four cases (MB1-2, MB3-4). 

Discussion

MBs pose a great threat to the paediatric population,
affecting 1 in every 50,000 people. As the tumour is very
aggressive, it requires radical treatment which, in view of
the young age of patients, has a destructive impact on
developing CNS. Unfortunately, the heterogeneity of this
group of tumours complicates reliable stratification of
patients that could allow better adjustment of treatment
radicality to actual aggressiveness of the tumour.

From the three main mechanisms postulated to in-
fluence the progress of the disease, namely involving Shh,
WNT and Akt/Erk, we decided to take a closer look at
the latter one. Both of these kinases are known to be
triggered by growth factors and their respective
receptors, including IGF-IR, ErbB2 (EGF family receptor)
and chemokine receptor CXCR4. Indeed, Kurihara et al.
[14] found an increased amount of IGF-IR in a sample of
MB. Also, other authors noted the presence of IGF-IR
protein and IGF-I mRNA in MB-derived cell lines.
Importantly, such cells stimulated with IGF-I proliferate
thanks to the activation of the Erk pathway, as shown
by suppression of this effect by IGF-IR blocking antibodies
and by PD 98059, an Erk pathway inhibitor [19]. There
have been contradictory reports concerning upregulation
of PDGF (platelet-derived growth factor) receptors in MB
[2,25], although it seems that PDGFRB (PDGF receptor
β) is present in metastatic MB. Also ErbB2 and CXCR4
have been found to be upregulated in MB [3,23].

In order to increase homogeneity of the sample, we
analyzed six cases of the classic type of MB and eva-
luated their Akt/Erk status. We found that the kinases
participating in the Akt pathway and Akt itself were
slightly upregulated. At the same time, most of the
elements of the Erk pathway showed significant poten-
tiation. 

According to the present hypothesis, activation of Akt
and Erk in MB rescues cells from death [29]. Both Akt and
Erk have been shown to phosphorylate tuberin, 
a protein forming an intracellular complex with hamartin
and exerting its control over mTOR (mammalian target of
rapamycin), a central regulator of protein translation.
Activation of Erk, found in biopsies of classic MBs, abolishes
control over mTOR and leads to translation of cell cycle
regulating proteins, such as cyclin D1 [26]. Also, it has
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FFiigg..  22..  Detection of active forms of proteins of the
Erk pathway by Western blot. Erk stimulation is
pronounced in four of six cases. Biological activity
of Erk is confirmed by two specific
phosphorylations of downstream effectors: Elk
(S383) and RKS1 (S380). Protein loading was
verified with tubulin detection
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recently been hypothesized that TSC complex can
associate with the β-catenin degradation complex,
participating in the WNT pathway, and negatively affecting
gene transcription [10]. Phosphorylation of Erk in MB inhibits
formation of the TSC complex and increases β-catenin-de-
pendent transcription of genes encoding cell cycle-
regulating proteins such as c-Myc, N-Myc and cyclin D1 [15].
Thus, our report supports the hypothesis that Erk may be
a significant signal for progression of the classic type of MB.
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