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A b s t r a c t

Medulloblastoma (MB) is the most common malignant brain tumour in children. Its aetiology is unknown, although
several signalling pathways controlling cell proliferation are thought to participate in the progress of the neoplasm.
Mutations of the genes encoding proteins participating in the pathways triggered by embryonic growth factors like
Sonic hedgehog (Shh) or WNT are often found in MB. 
Another model of MB development is overexpression or mutation of several types of growth factor receptors,
including IGF-IR, EGF-R and PDGFR, that have the ability to activate cellular kinases responsible for promoting cell
proliferation. In order to test this hypothesis, in the current paper we tested the activation of two kinases, Akt/PKB
(protein kinase B) and Erk (extracellular signal-regulated kinase) and their substrates in 10 sporadic
medulloblastoma cases. We show that MBs are a highly heterogeneous group of tumours that show upregulation
of various signalling pathways. Nevertheless, both Akt and Erk may contribute to the progression of MB, triggering,
at least in some cases, the mTOR (mammalian target of rapamycin) pathway, controlling translation of several cell
cycle-related proteins. We hypothesize that Akt and Erk activation may also be associated with downregulation of
protein phosphatase 2A (PP2A).

KKeeyy  wwoorrddss:: medulloblastoma, Akt, Erk, PP2A.

Introduction

Medulloblastoma (MB), a malignant tumour of the
cerebellum, is one of the most fatal CNS tumours
among children. MB has a tendency to metastasize and
disseminate throughout the CNS early in its course. The
current treatment of choice includes surgery and
subsequently combined chemotherapy/radiotherapy.
However, because of serious complications connected
with irradiation of the developing CNS, i.e. memory,
attention, motor functioning, language and
visuospatial deficits [22], current research focuses on
determining the most reliable prognostic factors that

could be used for the stratification of tumour-related
prognosis [4,5,18,19]. Thanks to such prognostic
factors in the case of the highest-risk patients
irradiation doses could be maintained, while in better-
fairing cases irradiation could be limited or even
completely replaced with chemotherapy alone.

Current WHO classification of tumours of the CNS
distinguishes three main variants of MB: classic,
desmoplastic and large cell/anaplastic MB [15]. So far
the precise origin of MB has not been clarified,
although it is suspected that at least the desmoplastic
variant originates from cerebellar neural precursor
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cells, i.e. external granular layer (EGL) cells. It is also
unclear which processes implicated in cell cycle
control contribute to formation of the tumour.
Several signalling molecules are associated with MB
development. It has been established that tumour
growth is connected with activation of Sonic
hedgehog (Shh) [21], a critical mitogen for cerebellar
granule cell precursor cells. Shh is liberated by the
Purkinje cells located at the border of molecular and
granular layers. Under the influence of Shh EGL cells
proliferate and enter the inner granular layer (IGL),
where they stop dividing and start differentiating. 

Also, another embryonic growth factor family is
found upregulated in MB: WNTs (human
homologues of Wingless in Drosophila), thanks to
their control over β-catenin transcription factor, are
regarded as responsible for the regulation of genes
modulating cell proliferation, such as cyclin D1, c-Myc
or N-Myc [10,28]. It is estimated that mutations in
proteins of the WNT pathway may be responsible for
about 15% of sporadic MBs [7].

In this research we focused on the third
mechanism that is suspected to control cell
proliferation in MB. Insulin-like growth factors (IGFs)
and their receptors (IGF-IR and IGF-IIR) are known to
promote cell proliferation and inhibit cell death by
apoptosis [3]. IGF-IR is present in the brain and
granular layer of the cerebellum during embryonic
and early postnatal development, decreasing
significantly during adolescence [8]. After activation,
IGF-IR binds a number of substrates, including IRS-1,
Shc, PI3K. In turn, IRS-1 and PI3K may trigger
downstream phosphorylation events through the
Akt (also known as protein kinase B, PKB) or Erk
(extracellular signal-regulated kinase) pathways [9].
In the current paper we evaluated activation of Akt
and Erk pathways, as well as their participants, in 10
sporadic MB cases. We show that Akt and Erk are
indeed implicated, although to a variable extent, in
MB progression.

Materials and methods

TTiissssuuee  ssaammpplleess

Samples of ten human MBs from ten different
patients as well as control brain tissue were excised
during elective surgery and retrieved from the
Department of Pathology, Children’s Memorial
Hospital, Warsaw, Poland. Control brain tissue
consisted of periventricular regions of a patient

operated on for epilepsy. Serving as positive control
was a sample of tuberous sclerosis-associated
subependymal giant cell astrocytoma (SEGA)
surgically resected during elective surgery resulting
from cerebrospinal fluid flow obstruction.

Light microscopy

Specimens were fixed in 10% buffered formalin,
at room temperature, for 24 h, fixed in paraffin and
processed according to routine techniques of light
microscopy. Slices 5 to 8 μm thick were stained with
hematoxylin and eosin.

Tissue lysis

Tissues were homogenized in a tissue grinder
with 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 sample
preparation procedure, all samples were processed
at the same time, in exactly the same conditions.
Lysates were stored at -800C.

Western blot

Antibodies against phosphorylated forms Akt
(S473) (pAkt), Erk (Y204) (pErk), p70 S6K1
(T421/S424) (pS6K1), p-4E-BP1 (S65/T70) 
(p4E-BP1), p-p90 RSK1 (S380) (pRSK1) and against
PP2A 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) and pGSK3β (S9) were purchased
from Cell Signalling Technology (Beverly, MA, USA).
20 μg of protein extracted from tissues 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). 
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Results

LLiigghhtt  mmiiccrroossccooppyy

All the cases of MB were histologically confirmed
and determined according to current classification
[15] (Table I and Fig. 1). 

AAkktt  aanndd  EErrkk  aarree  uupprreegguullaatteedd  
iinn  mmoosstt  MMBBss

In a preliminary experiment we tested the
activity of Akt and Erk, measured as the degree of
phosphorylation of these kinases. We found that all
except two (M8 and M10) MBs demonstrated
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FFiigg..  11.. Representative images of MBs included in the research. A: M1 – Classic medulloblastoma.
Typical hypercellular tumour composed of small, round cells; B: M5 – Desmoplastic nodular
variant. Clear islands with the characteristics of medulloblastoma surrounded by dark, collagen-
rich areas containing small tumour cells; C: M10 – Classic variant; D: M6 – Classic variant with
Homer-Wright rosettes. Bars represent 50 μm
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hyperphosphorylation of both kinases. We compared
the result with SEGA, where upregulation of pErk is
documented (manuscript in preparation). Erk
hyperphosphorylaiton in MBs was not as
pronounced as in SEGA, but significantly higher
than in the control brain (Fig. 2). 

AAccttiivvaattiioonn  ooff  AAkktt  iiss  aaccccoommppaanniieedd  
bbyy pphhoosspphhoorryyllaattiioonn  ooff  GGSSKK33ββ

Active Akt phosphorylates and deactivates
GSK3β. Non-phosphorylated GSK3β is active and
phosphorylates β-catenin, lea not however a
result of a decreased amount of PTEN which, in
normal cells, inhibits Akt activation (Fig. 2). 

FFiigg..  22.. Western blot of MB samples with antibodies directed against respective (activated) kinases
participating in Akt and/or Erk pathway. M1-M10: MB cases; CB: control brain; TSC: tuberous
sclerosis-associated SEGA

CCaassee  nnoo.. VVaarriiaanntt

M1 classic

M2 classic

M3 classic with anaplasia

M4 classic with Homer-Wright rosettes

M5 desmoplastic

M6 classic with Homer-Wright rosettes

M7 classic with Homer-Wright rosettes

M8 desmoplastic

M9 classic with anaplasia

M10 classic

TTaabbllee  II.. Variants of medulloblastoma included
in the research
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EErrkk  aaccttiivvaattiioonn  ssoommeettiimmeess  iinnvvoollvveess
uupprreegguullaattiioonn  ooff  tthhee  mmTTOORR  ppaatthhwwaayy  
aanndd  mmaayy  bbee  aaccccoommppaanniieedd  
bbyy  pphhoosspphhoorryyllaattiioonn  ooff  44EE--BBPP11

In order to confirm whether Erk phosphorylation is
biologically significant, we measured phosphorylation
of two other kinases used by activated Erk as
substrates: p70 S6K1 and p90 RSK1 [11,23].
Phosphorylation of S6K1 and RSK1 was in fact
potentiated; however, to our surprise, correlation of
S6K1 and RSK1 hyperphosphorylation with the
activity of Erk was very low or even absent. According
to our previous observations, such a correlation may
be found in SEGA (Fig. 2).

At the same time, we showed that phosphorylation
of 4E-BP1 (eukaryotic initiation factor 4E-binding protein
1), known to be mediated by the mTOR pathway and

directly controlling translation of numerous proteins, is
potentiated compared to controls. In two MBs (M1 and
M2) 4E-BP1 hyperphosphorylation was significantly
stronger than in SEGA, where 4E-BP1 is known to
mediate the cell cycle promoting effect [12]. Interestingly,
the level of mTOR kinase seems to be lower than in
normal controls in all except one case (M1). The same
case of MB shows the strongest hyperphosphorylation
of 4E-BP1.

MMoosstt  MMBBss  sshhooww  eelleevvaatteedd  lleevveellss  ooff  PPPP22AA

Upregulation of Erk may be explained by at least
two mechanisms. The first, classical mechanism
requires activity of MEK-1, being a classical upstream
kinase for Erk. The second, recently formulated
hypothesis points to mitochondrial reactive oxygen
species that could activate Erk [6]. As we have

FFiigg..  33.. Growth factor receptors known to trigger activation of Akt and Erk pathways
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recently shown that both of these hypotheses do
not fully explain Erk activation (manuscript in
preparation), we set out to test whether Erk
upregulation could be connected with attenuation
of PP2A, acting as a gatekeeper of Akt and Erk
activity [14]. For this purpose, we measured by
Western blot the level of PP2A in MBs, control tissue
and SEGA. We found that most MBs and SEGA show
decreased levels of PP2A, while the protein band in
controls is strong. Interestingly, in the two MBs with
very pronounced hyperphosphorylation of 4E-BP1,
the level of PP2A was practically undetectable.

Discussion

The numerous ambiguities concerning patho-
physiology of MB prevent precise stratification of
patients, which is the first requirement of a more
effective and, especially in the case of this disease,
lower toxicity of radiotherapy. Three main
mechanisms postulated to have an influence on the
progress of the disease are under close observation
by many research groups: Shh, WNT and growth
factor receptor overexpression. In the current
research we aimed to determine whether and which
proteins participating in the Akt and Erk pathways
could be activated in MB. 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. 

The evidence of IGF-IR overexpression in MB
comes from studies on MB-derived cell lines and MB
tissue samples. Kurihara et al. [16] found for the first
time increased amount of IGF-IR in a sample of MB.
Other authors noted the presence of IGF-IR protein
and IGF-I mRNA in MB-derived cell lines. Such cells
stimulated with IGF-I proliferate thanks to activation
of the Erk-1/2 pathway, as shown by suppression of
this effect by IGF-IR blocking antibodies and by PD
98059, an Erk pathway inhibitor [20]. There have
been contradictory reports concerning upregulation
of PDGF (platelet-derived growth factor) receptors in
MB [1,25], 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 [2,24] (Fig. 3).

It is a well known fact that IGF-IR stimulation
triggers cell proliferation and rescues cells from death.
Activation of Akt and Erk in MB certainly contributes to
this phenomenon [27]. Both Akt and Erk have been
shown to phosphorylate tuberin, a protein forming

intracellular complex with hamartin and exerting
control over mTOR (mammalian target of rapamycin),
a central regulator of protein translation. Activation of
Akt and/or Erk, found in our MB biopsies, abolishes
control over mTOR (which is documented by
phosphorylation of 4E-BP1 in our experiments) and
leads to translation of cell cycle regulating proteins,
such as cyclin D1 [26]. On top of that, it has recently
been hypothesized that the TSC complex can
associate with the β-catenin degradation complex,
participating in the WNT pathway, and negatively
affecting gene transcription [13]. When Akt and/or Erk
are phosphorylated, formation of the TSC complex is
inhibited, which increases β-catenin-dependent
transcription of genes encoding cell cycle-regulating
proteins such as c-Myc, N-Myc or cyclin D1 [17]. 

In the current paper we also show that
upregulation of Akt and Erk may be connected with
lower levels of protein phosphatase 2A (PP2A). PP2A
is known to act as a phosphatase controlling the
level of phosphorylation of a number of kinases,
including Akt and Erk [14]. Thus, we hypothesized
that hyperphosphorylation of Akt and Erk in MB may
be a result of PP2A downregulation. Indeed, in the
present paper we demonstrate that PP2A is
downregulated in MB. However, a precise
mechanism explaining how PP2A may be attenuated
requires further research.
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