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Abstract High c-myc levels are linked to poor prognosis
in medulloblastoma (MB), and it was the aim of the current
study to search for c-myc-dependent proteins in the MB
cell line D425Med. For this purpose D425Med cells and
cells with knocked-down c-myc (by siRNA) were analysed
by a gel-based differential proteomics study using mass
spectrometry. Heterogeneous nuclear ribonucleoproteins
C1/C2, heterogeneous nuclear ribonucleoprotein A/B,
stathmin, endoplasmic reticulum protein ERp29 precursor
and guanidinoacetate N-methyltransferase were c-myc
dependently expressed. Signalling, the protein machinery,
metabolism and endoplasmic reticulum function may be
affected and these results enable studying tumour tissue for
these proteins as potential dignity markers or pharmaco-
logical targets.
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Introduction

Central nervous system (CNS) tumours constitute the
largest group of solid neoplasms in childhood and are the
leading cause of cancer-related death and morbidity in
children (Jemal et al. 2008). The medulloblastoma (MB) is
the most frequent malignant brain tumour in childhood and
an invasive primitive neuroectodermal tumour of the cer-
ebellum (MacDonald et al. 2003). MBs represent approx-
imately 20% of all childhood brain tumours (MacDonald
et al. 2003). Treatment is complicated by the tendency of
approximately one-third of these tumours to disseminate
throughout the CNS early in the course of disease (Packer
2008).

Current therapy includes maximum surgical resection,
whole neuroaxis irradiation, and chemotherapy (MacDon-
ald et al. 2003; Packer 2008; von Hoff et al. 2009).
Treatment causes long-term morbidity including endocrine
and growth disturbances, as well as neurocognitive dys-
function, which is particularly severe in young children
(Chapman et al. 1995; Dennis et al. 1996; Radcliffe et al.
1992; Silber et al. 1992). Despite aggressive treatment,
only 60% of children with MB will be cured (von Hoff
et al. 2009). Consequently, efforts are being made to
stratify patients according to their individual risk of tumour
relapse or progression (Goldwein et al. 1996; Grotzer et al.
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2007; Rutkowski et al. 2007; Zeltzer et al. 1999). By
identifying patients who can be cured with less intensive
therapy late effects of treatment could be reduced without
endangering the high level of treatment efficacy. Vice
versa, patients at high risk may receive more intensive
therapy.

At present, children with MB are divided into two risk
groups. Average-risk (AR) patients are those diagnosed
when they are older than the age of 3 years with non
metastatic and totally or near-totally resected (<1.5 cm? on
postoperative magnetic resonance imaging) MB; patients
not fulfilling these criteria are regarded as high risk (von
Hoff et al. 2009; Zeltzer et al. 1999). Histopathological
findings with differentiation of MB in different histological
subgroups have recently led to the identification of a third
risk group: Children with desmoplastic MB or MB with
extensive nodularity show a higher overall survival than
AR MB patients (Rutkowski et al. 2009). This clinical
stratification has only proven useful as a broad guide for
predicting prognosis; in particular, it does not identify the
20-30% of AR patients with resistant disease or the
unknown number of AR patients who might be overtreated
with current protocols.

The likelihood of finding additional clinical prognostic
factors is small, therefore a quest for biological prognostic
factors is ongoing (Das et al. 2009; Gilbertson et al. 2001;
Grotzer et al. 2007; Korshunov et al. 2008; Pfister et al.
2009; Rutkowski et al. 2007).

Different biological markers have so far been associated
with clinical outcome. Amongst the best described are (1)
proto-oncogene MYC (c-myc) mRNA expression (2) copy
number aberrations of chromosomes 17q, 6q, c-myc and
n-myc, (3) ErbB2 and ErbB4 receptor expression, (4)
neurotrophin receptor TrkC expression, (5) Beta-catenin
mutation and nuclear accumulation and (6) p53 mutation
(Das et al. 2009; Ellison et al. 2005; Fattet et al. 2009;
Gilbertson et al. 2001; Grotzer et al. 2001; 2007; Herms
et al. 2000; Pfister et al. 2009; Ray et al. 2004; Rogers et al.
2009; Rutkowski et al. 2007; von Hoff et al. 2010). Low
c-myc mRNA expression was identified as an independent
predictor of a favourable survival outcome (Grotzer et al.
2001, 2007; Herms et al. 2000). The 5-year cumulative
progression-free survival was significantly higher in case of
low levels of MYC mRNA expression (92% as compared
to 38%). MYC mRNA expression levels did not correlate
with metastatic stage, age, or gender of MB patients nor
with MYC gene amplification. This indicates that MYC
mRNA expression is of independent prognostic signifi-
cance. Combination of c-myc with TrkC mRNA expression
led to the identification of three risk groups: (1) low c-myc
and high TrkC with a good prognosis, (2) high c-myc and
low TrkC with poor prognosis and (3) the remaining
patients with intermediate prognosis. These findings could
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be repeated in a larger cohort (Grotzer et al. 2007). MYC
gene amplification has been suggested as an indicator of
poor prognosis in two studies of 29 and 77 MB patients,
respectively (Aldosari et al. 2002; Scheurlen et al. 1998).

The c-myc proto-oncogene encodes a nuclear phospho-
protein involved in transcription of genes central to regu-
lating cell cycle, cellular proliferation, apoptosis, and
differentiation (Henriksson and Luscher 1996; Obaya et al.
1999; Prendergast 1999; Schmidt 1999). c-myc expression
is normally tightly regulated throughout the cell cycle, but
may become deregulated or activated contributing to
malignant transformation (Claassen and Hann 1999).
Dysregulation of myc has been implicated in the patho-
genesis of a variety of human neoplasms (Nesbit et al.
1999). Whilst gene amplification is an important mecha-
nism of MYC dysregulation, it is uncommon in MB, with
an incidence of <10% in primary tumours (Herms et al.
2000). Up-regulation of c-myc in MB independent of gene
amplification may involve the adenomatous polyposis coli
(APC) and beta-catenin (CTNNB1) pathways. A subset of
MB is associated with Turcot’s syndrome, which is the
association of colon cancer with primary brain tumours and
is characterised by germ-line mutations in the APC gene
(Hamilton et al. 1995). Whilst mutations of APC have not
been detected in sporadic MB, approximately 5% of spo-
radic MB have been reported to contain mutations in a
second Wingless/Wnt pathway member, beta-catenin
(Eberhart et al. 2000; Mori et al. 1994; Zurawel et al.
1998). Mutations in either APC or beta-catenin act to sta-
bilise beta-catenin protein, which accumulates and trans-
locates into the nucleus where it complexes with Tcf4 and
up-regulates the transcription of c-myc as well as other
targets (Bullions and Levine 1998; He et al. 1998). Aber-
rant nuclear beta-catenin staining has been demonstrated in
18% of sporadic MB and in one MB from a patient with
Turcot’s syndrome (Eberhart et al. 2000). Nevertheless, in
different MB cell lines, factors other than or in addition to
those mentioned were responsible for c-myc over-expres-
sion (Liu and Levens 2006; Siu et al. 2003). In contrast to
colon cancer, the causative agents of c-myc promoter
activation in MB remain to be identified.

In MB, c-myc genomic amplification and mRNA
expression is also associated with particularly aggressive
histological tumour subtypes (large cell/anaplastic) and
poorer patient survival (Stearns et al. 2006). However, the
biological basis for this correlation remains elusive.

The group of M. Grotzer studied MB cell lines DAQY,
D425, and D341 exhibiting different levels of c-myc
expression (von Bueren et al. 2007). Down-regulation of
c-myc levels using siRNA led to inhibition of cellular
proliferation and clonogenic growth, to inhibition of G1-S
phase cell cycle progression and to a decrease in human
telomerase reverse transcriptase (hTERT) expression and
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telomerase activity. It was furthermore shown that reduc-
tion in c-myc levels reduced apoptosis and decreased the
sensitivity of MB cells to irradiation and chemotherapeutic
agents (von Bueren et al. 2009).

The aim of this study was the identification of differ-
ences in the protein pattern of c-myc expressing MB cells
as compared to MB cells after down-regulation of c-myc
by 2D-gel electrophoresis and mass spectrometric protein
identification. Proteins showing increased levels in cells
with abundant c-myc expression may contribute to the
malignant behaviour of c-myc over-expressing MB by
playing a role in the ability of these cells to proliferate,
metastasise or enhance drug resistance. Conversely, pro-
teins found to be decreased might act as tumour suppres-
sors in non-transformed cells, e.g. enhancing the cell to
undergo apoptosis, arresting cell cycle or inducing neuro-
nal differentiation.

To the authors’ knowledge, this study is the first to
analyse the differential proteome depending on high and
low c-myc expression.

Materials and methods
Cell culture

The human MB/PNET cell line D425Med was purchased
from the American Type Culture Collection (Manassas, VA,
USA). Cells were cultured at 37°C in 5% CO, in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
FBS, 2% L-glutamine (27 mg/ml) and 1% penicillin/strep-
tomycin (100 IU/ml penicillin, 100 pg/ml streptomycin).

Transfection and RNAI

The c-myc gene was silenced using RNA inhibition (RNA1)
techniques by introducing a c-myc gene-specific siRNA in
a pSilencer® vector (Ambion, Huntington, UK).

Different siRNA sequences were tested in pilot
experiments to identify the siRNA sequence that showed the
highest degree of gene silencing in transient assays.
To downregulate c-myc, we cloned the sequence GAGAAC
TTCTACCAGCAGCTTCAAGAGAGCTGCTGGTAGA
AGTTCTCCTTTTTTTGGAA into the BamHI/HindIII-
sites of the pSilencer 3.1 plasmid (Ambion, Huntington,
UK) according to the manufacturer’s instructions. As
negative control, a siRNA with no sequence specificity to
any human gene (Ambion) was cloned into the pSilencer
3.1 plasmid. These two plasmids were used to transfect
D425Med cells using lipofection (Transfast; Promega,
Wisconsin, USA). After 48 h puromycin was added, fol-
lowed by continued incubation for up to 3 weeks, during

which puromycin-resistant cells were identified and
cloned by limiting dilution.

Protein extraction and sample preparation

Protein extraction, sample preparation, 2D gel electropho-
resis and mass spectrometric analysis were performed as
published previously (Azizi et al. 2008). To minimise clonal
differences, three separate c-myc siRNA clonal transfectants
were pooled as well as the three separate siRNA control
clones. After pelleting, cells were suspended in 1.0 ml of
sample buffer consisting of 7 M urea (Merck, Darmstadt,
Germany), 2 M thiourea (Sigma, St. Louis, MO, USA), 4%
CHAPS (3-[(3-cholamidopropyl) dimethyl-ammonio]-1-
propanesulfonate) (Sigma, St. Louis, MO, USA), 65 mM
1,4-dithioerythritol (Merck, Germany), 1 mM EDTA
(ethylenediaminetraacetic acid) (Merck, Germany), prote-
ase inhibitors complete® (Roche, Basel, Switzerland) and
1 mM phenylmethylsulfonyl chloride. Sonification of the
samples was carried out for approximately 15 s. After
homogenisation, samples were left at 20°C for 1 h, and then
centrifuged at 14,000x g for 1 h. For desalting and protein
concentration, the supernatant was transferred into ultrafree-
4 centrifugal filter unit (Millipore, Bedford, MA). Protein
content of the supernatant was then quantified by Bradford
protein assay system (Bradford 1976).

2-D electrophoresis

Six gels of two groups (n = 3 per pooled group) were run.

For isoelectric focusing, 800 pg of protein was applied
on immobilized pH 3-10 non-linear gradient strips (18 cm,
pH range 3-10, Amersham Bioscience, Uppsala, Sweden)
at their basic and acidic ends. Focusing was started at
200 V and voltage gradually increased to 8,000 V over
31 h and then kept constant for a further 3 h (approxi-
mately 150,000 Vh totally). After the first dimension, strips
were equilibrated for 15 min in buffer containing 6 M urea,
20% glycerol, 2% SDS, 2% dithiothreitol (DTT) and then
for 15 min in the same buffer containing 2.5% iodo-acet-
amide instead of DTT.

After equilibration, strips were loaded on 9-16% gradient
sodium dodecylsulfate polyacrylamide gels for second-
dimensional separation. Gels (180 x 200 x 1.5 mm) were
run at 40 mA per gel. Immediately after the second-dimen-
sional electrophoresis, gels were fixed for 18 h in 50%
methanol, containing 10% acetic acid, and then stained with
colloidal Coomassie blue (Novex, San Diego, CA) for 12 h
on a rocking shaker. Molecular masses were determined by
running standard protein markers (Bio-Rad Laboratories,
Hercules, CA) covering the range 10-250 kDa. Excess of
dye was washed out from gels with distilled water and gels
were scanned with ImageScanner (Amersham Bioscience).
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Quantification

Scans of all gels were imported into software specifically
designed for the quantification in proteome analysis (Pro-
teomweaver, Bio-Rad) and spot volume was measured.

Statistical analysis

For each group, the geometric mean of a matched spot was
calculated and a Student’s ¢ test was performed for com-
parison of the two groups. A spot was seen as significantly
up-regulated if the regulation factor was higher than 1.2
(i.e. protein quantity was higher than 120% as compared to
controls) and the p < 0.05. A spot was significantly down-
regulated if the regulation factor was lower than 0.8 (i.e.
protein quantity was <80% as compared to controls) and
the p < 0.05.

In-gel digestion of proteins and protein identification
with nano-LC-ESI-Q-TOF mass spectrometry

Gel pieces were cut into small pieces to increase surface
and put into a 0.6 ml tube. They were washed with 50 mM
ammonium bicarbonate to remove debris, and then washed
two times with 50% 50 mM ammonium bicarbonate/50%
acetonitrile for 30 min with occasional vortexing. The
washing solution was discarded at the end of each wash.
100 pl of 100% acetonitrile was added to each tube cov-
ering the gel piece completely and incubated for 5 min. Gel
pieces were dried completely in a Speedvac (Eppendorf,
Germany). Cysteines were reduced with a 10 mM DTT
solution in 0.1 M ammonium bicarbonate for 60 min at
56°C. The same volume of a 55 mM solution of iodoa-
cetamide in 0.1 M ammonium bicarbonate buffer was
added and incubated in the dark for 45 min at 25°C to
alkylate cysteine residues. The reduction/alkylation solu-
tions were removed by washing with 50 mM ammonium
bicarbonate buffer for 10 min. Buffer was removed and the
dried gel pieces were re-swollen with 12.5 ng/ml trypsin
solution buffered in 25 mM ammonium bicarbonate and
incubated for 16 h at 37°C. Supernatants were transferred
to new 0.6 ml tubes and gel pieces were extracted subse-
quently with 50 pl of 0.5% formic acid/20% acetonitrile
for 15 min in a sonication bath. The volume was reduced to
10 pl and 20 pl HPLC-water added. Nano-ESI-LC-MS/
MS analyses were carried out with the UltiMate 3000
system interfaced to the QSTAR Pulsar mass spectrometer.
The gradient was (A = 0.05% trifluoroacetic acid in water,
B = 80% acetonitrile/0.04% trifluoroacetic acid in water)
from 0 to 50% B in 30 min, 90% B in 5 min, 0% B in
25 min. Peptide spectra were recorded over the mass range
of m/z 400-1,600, and MS/MS spectra were recorded in
information-dependent data acquisition over the mass
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range of m/z 50-1,600. One peptide spectrum was recorded
followed by three MS/MS spectra on the QSTAR Pulsar
instrument; the accumulation time was 1 s for peptide
spectra and 2 s for MS/MS spectra. The collision energy
was set automatically according to the mass and charge
state of the peptides chosen for fragmentation. Doubly or
triply charged peptides were chosen for MS/MS experi-
ments due to their good fragmentation characteristics. MS/
MS spectra were interpreted by the MASCOT software
(Matrix Science) (Chen et al. 2006).

Verification by Western blot analysis

Western blotting was performed not only for significant
proteins, but also for proteins showing a trend after 2D
proteome quantification (i.e. a significant but <20% change
in protein level: p < 0.05, but less than 1.2-fold increase or
0.8 decrease).

Electrophoresis and protein transfer were performed
using a Bio-Rad Protean III system (Bio-Rad Laboratories,
Hercules, CA). Percentage of the acrylamide gels (acryl-
amide, Tris 1.5 M, pH 8.8; ddH,0, APS 10%, SDS 10%,
TEMED) varied according to the expected protein size of
the investigated molecule. Molecular masses were deter-
mined by running standard protein markers (Precision Plus,
Bio-Rad) covering the range 10-250 kDa. Electrophoresis
was performed for 1 h at 40 V, followed by 3—4 h at 60 V
in running buffer (Tris 25 mM, glycine 190 mM, SDS
0.1%). Proteins were transferred on to PVDF membranes at
200 mA for 2 h in transfer buffer (Tris 25 mM, glycine
190 mM). Membranes were blocked with 5% dry milk in
TBST (Tris 20 mM, NaCl 0.137 M, TWEEN-20 0.1%,
HCI 0.04%) for 1 h.

Primary antibodies (listed in Table 1) were applied as
recommended by the manufacturer and incubated over-
night at 4°C. After washing, the HRP-conjugated second-
ary antibody was added in 5% milk-TBST for 1 h.
Chemiluminescence of the Western blots was directly
acquired from the ChemiDoc XRS camera (Bio-Rad) into
the specific 1D quantification software, Quantity One (Bio-
Rad).

Beta-actin was used as loading control.

Results
siRNA

D425Med cells were successfully transfected with c-myc
siRNA constructs, leading to down-regulation of endoge-
nous c-myc expression as shown by Western blotting
(Fig. 1). Six clonal transfectants were generated using lim-
iting dilution: Three of these clonal transfectants were c-myc
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Table 1 Primary antibodies used for Western blotting

Antigen Species Protein size (kDa) Dilution Manufacturer
Actin, beta Mouse 42 1:4,000 Sigma
ALDH2 Mouse 56 1:10,000 Sigma
ARDIA Mouse 26 1:500 Abnova
Calponin-3 Rabbit 34 1:2,000 Santa-Cruz
Cofilin Mouse 19 1:500 TD

ERp29 Rabbit 29 1:2,000 Acris
ERp29 Rabbit 29 1:5,000 ABR
GAMT Rabbit 26 1:250 Santa-Cruz
hnRNP A/B Rabbit 35 1:2,000 Aviva
hnRNP C1/C2 Mouse 43 1:5,000 Sigma

Myc (c-myc) Mouse 62 1:2,000 Pharmingen
PEBP1 Rabbit 18 1:1,000 Sigma
PQBP1 Rabbit 38 1:1,000 Sigma
PRDX4 Rabbit 25 1:2,000 Abnova
RPLP1 Rabbit 15 1:500 Sigma
Stathmin Mouse 19 1:250 TD

STIP-1 Mouse 63 1:5,000 Sigma
TARDBP Mouse 55 1:5,000 Abnova
THOC3 Rabbit 45 1:250 Santa-Cruz
TPI1 Mouse 27 1:2,000 Sigma
UCHLI1 Mouse 25 1:10,000 Sigma

siRNA clones (clones D9, E7, H10), whereas the other three
clonal transfectants consisted of Silencer® negative control
siRNA clones (Ambion), carrying a siRNA that did not target
any gene product (clones C6, C9, D4).

Differential proteomics and Western blot analysis

Images of a representative 2DE images of sample gel from
the control group and the myc-downregulated group are
shown in Fig. 2. Analysis with Proteomweaver software
revealed 36 differentially expressed protein spots. Q-TOF
analysis was performed on these spots in one sample gel of
each group.

Eight out of these were shown to be complex protein
mixtures, and these were not further analysed by Western
blotting along with six spots that could not be identified
due to technical reasons in terms of low sequence coverage
or low scores. The remaining 22 spots represented 22
individual proteins. Tables 2 and 3 show the difference
between protein levels in both groups. Data revealing
protein identification are shown in Tables 4 and 5 and
peptides matching are listed in supplemental table 1.

Q-TOF analysis led to the identification of 23 different
proteins. 11 proteins corresponded to increased spots: 39S
ribosomal protein L12 mitochondrial precursor (UniProt ID:
P52815; increased 1.52-fold, p = 0.005), acyl-protein

thioesterase 1 (UniProt ID: O75608; increased 1.29-fold,
p = 0.0334), cofilin-1 (UniProt ID: P23528; increased 1.47-
fold, p = 0.0358), heterogeneous nuclear ribonucleoprotein
A/B (UniProt ID: Q99729; increased 1.18-fold, p = 0.0
402), heterogeneous nuclear ribonucleoproteins C1/C2
(UniProt ID: P07910; increased 1.26-fold, p = 0.005),
phosphatidylethanolamine-binding protein 1 (PEBP1; Uni-
Prot ID: P30086; increased 1.29-fold, p = 0.0334), n-MYC
downstream-regulated gene 1 (NDRGI1; UniProt ID:
P60709; increased 1.29-fold, p = 0.0304), stathmin (Uni-
Prot ID: P16949; increased 1.23-fold, p = 0.0321), stress-
induced-phosphoprotein 1 (STIP1; UniProt ID: P31948;
increased 1.37-fold, p = 0.0111), triosephosphate isomer-
ase (TPI1; UniProt ID: P60174; increased 1.57-fold,
p = 0.0088) and ubiquitin carboxyl-terminal hydrolase
isozyme L1 (UCHL1; UniProt ID: P09936; increased 1.37-
fold, p = 0.0158). Eleven proteins corresponded to
decreased spots: 60S acidic ribosomal protein PO (UniProt
ID: P05388; decreased 0.55-fold, p = 0.0426 and 0.27-fold,
p = 0.036), aldehyde dehydrogenase mitochondrial pre-
cursor (ALDH2; UniProt ID: P05091; decreased 0.75-fold,
p = 0.003), calponin-3 (UniProt ID: Q15417; decreased
0.62-fold, p = 0.0049), endoplasmic reticulum protein
ERp29 precursor (UniProt ID: P30040; decreased 0.78-
fold, p = 0.0413), guanidinoacetate N-methyltransferase
(GAMT; UniProt ID: Q14353; decreased 0.85-fold,
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D425Med/MYC siRNA H10

Fig. 1 Western blot analysis of c-myc, stathmin, heterogeneous
nuclear ribonucleoprotein A/B (hnRNP A/B), heterogeneous nuclear
ribonucleoproteins C1/C2 (hnRNP C1/C2), guanidinoacetate N-meth-
yltransferase (GAMT), endoplasmic reticulum protein ERp29 and beta-
actin (loading control) expression in D425Med clonal transfectants

p = 0.0457), N-terminal acetyltransferase complex ARD1
subunit homologue A (ARDI1A; UniProt ID: P41227;
decreased 0.61-fold, p = 0.0234), peroxiredoxin-4 (PRD
X4;UniProt ID: Q13162; decreased 0.70-fold, p = 0.0271),
polyglutamine-binding protein 1 (PQBP1; UniProt ID:

060828; decreased 0.76-fold, p = 0.0076), TAR DNA-
binding protein 43 (TARDBP; UniProt ID: Q13148;
decreased 0.78-fold, p = 0.0362) and THO complex subunit
3 (UniProt ID: Q96J01; decreased 0.59-fold, p = 0.0076).

Western blotting was performed for confirmation and
bands quantified in silico (Fig. 1; Table 6). Three proteins
showed higher arbitrary units of optical density of bands in
the c-myc silenced clones. Heterogeneous nuclear ribonu-
cleoproteins C1/C2 (UniProt ID: P07910; 1.66-fold),
stathmin (UniProt ID: P16949; 2.04-fold) and heteroge-
neous nuclear ribonucleoprotein A/B (UniProt ID: Q99729;
1.55-fold) matched the findings of Proteomweaver analy-
sis. Levels of six proteins were comparable, whilst no
suitable antibodies were available for three proteins.

Two proteins (endoplasmic reticulum protein ERp29
precursor (UniProt ID: P30040; 0.69-fold) and guanidino
acetate N-methyltransferase (UniProt ID: Q14353; 0.80-
fold) were found decreased by Western blotting
concordantly to Proteomweaver analysis. Levels of eight
proteins were comparable, whilst no suitable antibody was
available for one protein.

The results are summarised in Tables 2, 3, 4, 5, 6.

Discussion

As demonstrated in the “Results” section five proteins from
several pathways were differentially expressed between
control and c-myc D425Med MB cells as shown by a gel-
based proteomics method and verification by Western
blotting.

Different protein levels may indicate involvement of
different c-myc-dependent pathways or at least reveal
c-myc-dependent modification of the five protein levels.
These proteins may directly depend on c-myc intracellular

Fig. 2 Two representative
master gels of two groups are
shown. a 2D SDS-PAGE of
D425Med control cells.
Differentially expressed spots as
well as accession numbers from
UniProtKB of proteins
identified by Q-TOF analysis
are indicated. b 2D SDS-PAGE
of D425Med cells after c-myc
down-regulation. Differentially
expressed spots as well as
accession numbers of proteins
identified by Q-TOF analysis
are indicated. X axis indicates
apparent molecular weight,

Y axis the pH range from 3 to 10
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Table 4 List of proteins identified by Q-TOF in the control group

Spot Protein ID Protein name Mass Score
1 Not identified

2 STIP1_HUMAN Stress-induced-phosphoprotein 1 63,227 657
3 K2C8_HUMAN Keratin, type II cytoskeletal 8 53,671 437
4 ALDH2_HUMAN Aldehyde dehydrogenase, mitochondrial precursor 56,859 1,176
5 NDRG1_HUMAN Protein NDRG1 43,264 140
6 NDRGI_HUMAN Protein NDRG1 43,264 271
7 HNRPK_HUMAN Heterogeneous nuclear ribonucleoprotein K 51,230 215
8 COF1_HUMAN Cofilin-1, Homo sapiens 18,719 60
9 K2C1_HUMAN Heterogeneous nuclear ribonucleoproteins C1/C2 33,707 302
10 CNN3_HUMAN Calponin-3 36,562 76
11 CNN3_HUMAN Calponin-3 36,562 258
12 ROAA_HUMAN Heterogeneous nuclear ribonucleoprotein A/B 36,316 220
13 BPNT1_HUMAN 3°(2°),5’-bisphosphate nucleotidase 1 33,713 78
14 THOC3_HUMAN THO complex subunit 3 39,431 101
15 TADBP_HUMAN TAR DNA-binding protein 43 45,053 56
16 RLAO_HUMAN 60S acidic ribosomal protein PO 34,423 349
17 RLAO_HUMAN 60S acidic ribosomal protein PO 34,423 177
18 PQBP1_HUMAN Polyglutamine-binding protein 1 30,511 106
19 ARD1A_HUMAN N-terminal acetyltransferase complex ARD1 subunit homologue A 26,613 60
20 GAMT_HUMAN Guanidinoacetate N-methyltransferase 26,529 187
21 ERP29_HUMAN Endoplasmic reticulum protein ERp29 precursor 29,032 296
22 PRDX4_HUMAN Peroxiredoxin-4 30,749 220
23 UCHL1_HUMAN Ubiquitin carboxyl-terminal hydrolase isozyme L1 25,151 243
24 TPIS_HUMAN Triosephosphate isomerase 26,938 586
25 Not identified

26 SFRS3_HUMAN Splicing factor, arginine/serine-rich 3 19,546 72
27 PARK7_HUMAN Protein DJ-1 20,050 58
28 PARK7_HUMAN Protein DJ-1 20,050 58
29 PEBP1_HUMAN Phosphatidylethanolamine-binding protein 1 21,158 428
30 K2C1_HUMAN Keratin, type II cytoskeletal 1 66,149 158
31 RM12_HUMAN 39S ribosomal protein L.12, mitochondrial precursor 21,563 137
32 STMN1_HUMAN Stathmin 17,292 214
33 SODC_HUMAN Superoxide dismutase [Cu-Zn] 16,154 238
34 COF1_HUMAN Cofilin-1 18,719 385
35 COF1_HUMAN Cofilin-1 18,719 276
36 K22E_HUMAN Keratin, type II cytoskeletal 2 epidermal 66,110 328

Protein spots concordantly identified in the c-myc-downregulated as well as the control group are marked bold

levels per se or indirectly represent changes mediated by
decreased c-myc levels.

Data obtained in this study may now be tested in pri-
mary tumours to evaluate the potential of dysregulated
proteins, as tentative marker candidates for tumour classi-
fication or dignity.

It is not surprising that only 5 out of 32 protein levels from
the gel-based proteomics technique could be verified by
Western blotting, because both methods show inherent

flaws. Protein spots may contain more than one protein and
Western blotting depends on specificity of antibodies. Most
antibodies are not specific or do not react with protein iso-
forms or proteins showing posttranslational modifications.
Ideally, antibody specificity should be unambiguously
characterised as proposed recently (Heo and Lubec 2010).
Moreover, many expression forms of proteins (splice vari-
ants or modified proteins) would be separated on 2 DE, but
the simple use of SDS-PAGE would not separate them and
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Table 5 List of proteins identified by Q-TOF in the c-myc down-regulated group

Spot Protein ID Protein name Mass Score
1 Not identified

2 STIP1_HUMAN Stress-induced-phosphoprotein 1 63,227 520
3 TBB5_HUMAN Tubulin beta chain 50,095 80
4 ALDH2_HUMAN Aldehyde dehydrogenase, mitochondrial precursor 56,859 1,059
5 NDRG1_HUMAN Protein NDRG1 43,264 90
6 ACTB_HUMAN Actin, cytoplasmic 1 42,052 160
7 ACTB_HUMAN Actin, cytoplasmic 1 42,052 156
8 ACTB_HUMAN Actin, cytoplasmic 1 42,052 101
9 HNRPC_HUMAN Heterogeneous nuclear ribonucleoproteins C1/C2 33,707 365
10 K22E_HUMAN Keratin, type II cytoskeletal 2 epidermal 66,110 1,210
11 CNN3_HUMAN Calponin-3 36,562 268
12 ROAA_HUMAN Heterogeneous nuclear ribonucleoprotein A/B 36,316 200
13 K2C1_HUMAN Keratin, type II cytoskeletal 1 66,149 465
14 THOC3_HUMAN THO complex subunit 3 39,431 273
15 TADBP_HUMAN TAR DNA-binding protein 43 45,053 198
16 RLAO_HUMAN 60S acidic ribosomal protein P0—Homo sapiens 34,423 390
17 LDHB_HUMAN L-Lactate dehydrogenase B chain 36,900 330
18 PQBP1_HUMAN Polyglutamine-binding protein 1 30,511 210
19 ARD1A_HUMAN N-terminal acetyltransferase complex ARD1 subunit homologue A 26,613 349
20 GAMT_HUMAN Guanidinoacetate N-methyltransferase 26,529 357
21 ERP29_HUMAN Endoplasmic reticulum protein ERp29 precursor 29,032 503
22 PRDX4_HUMAN Peroxiredoxin-4 30,749 262
23 UCHL1_HUMAN Ubiquitin carboxyl-terminal hydrolase isozyme L1 25,151 381
24 TPIS_HUMAN Triosephosphate isomerase 26,938 706
25 LYPA1_HUMAN Acyl-protein thioesterase 1 24,996 231
26 K2C1_HUMAN Keratin, type II cytoskeletal 1 66,149 403
27 PARK7_HUMAN Protein DJ-1 20,050 715
28 PCNP_HUMAN PEST proteolytic signal-containing nuclear protein 18,913 219
29 PEBP1_HUMAN Phosphatidylethanolamine-binding protein 1 21,158 443
30 RLA1_HUMAN 60S acidic ribosomal protein P1 11,621 86
31 RM12_HUMAN 39S ribosomal protein L.12, mitochondrial precursor 21,563 151
32 STMN1_HUMAN Stathmin 17,292 176
33 SODC_HUMAN Superoxide dismutase [Cu-Zn] 16,154 268
34 PPAC_HUMAN Low molecular weight phosphotyrosine protein phosphatase 18,487 231
35 COF1_HUMAN Cofilin-1 18,719 403
36 K1C10_HUMAN Keratin, type I cytoskeletal 10 59,703 417

Protein spots concordantly identified in the c-myc-downregulated as well as the control group are marked bold

therefore, quantification of such a single immunoreactive
band would not show results comparable to quantification
from 2DE gels.

Levels of the heterogeneous nuclear ribonucleoproteins
(hnRNP) C1/C2 and A/B were increased after c-myc
down-regulation. Both proteins are part of the telomerase
complex and overexpression of hnRNP C1/C2 leads to
shortening of telomere length (MacLeod et al. 2004; Me-
ffert et al. 2005). The increased protein levels in experi-
ments herein may support the findings of von Bueren et al.

@ Springer

(2009) that c-myc knock-down is leading to decreased
telomerase activity in MB cell lines. hnRNPs are also
involved in DNA damage repair (reviewed by Haley et al.
2009) and up-regulation of hnRNP C1/C2 has previously
been shown in cancer, e.g. in hepatocellular carcinoma
(Sun et al. 2007) and in neuronal cells surviving apoptotic
(ischaemic) stress (Spahn et al. 2008). Down-regulation of
the hnRNP C1/C2 protein amount was reported in acute
promyelocytic leukaemia upon treatment with all-trans-
retinoic acid (Harris et al. 2004). Decrease in hnRNP C1/
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Table 6 Volume of Western blot protein bands as measured by quantity one 1D software
Control Control Control Median myc down- myc down- myc down- Median myc  Ratio down-
clone 1 clone 2 clone 3 control regulated regulated regulated down- regulated:
clone 1 clone 2 clone 3 regulated control
Stathmin 7,563.32 527840  3,502.44 5,448.05 13,471.36 10,378.04 9,411.88 11,087.09 2.04
hnRNP 10,660.04  10,744.56 10,535.96  10,646.85  12,371.60 22,726.92 14,402.00 16,500.18 1.55
A/B
hnRNP  122,770.21  94,698.57 84,588.57 100,685.78 172,747.18 145,839.26 182,105.14 166,897.19 1.66
cl/c2
GAMT  176,670.64 174,112.93 84,548.17 145,110.58 116,443.09 147,574.81 82,180.54 115,399.48 0.80
ERp29 41,205.36 39,354.36 22,7796.92  34,452.22  24,158.12 17,987.60 29,509.04 23,884.92 0.69

C2 levels itself was correlated to higher sensitivity towards
chemical stress (Hossain et al. 2007). HnRNP C1/C2 was
proven to bind to p53 mRNA and this binding is strongly
enhanced in response to cytotoxic drugs, which increase
cytosolic hnRNP C1/C2 levels (Christian et al. 2008).
Correlation of these levels to mRNA binding, although,
could not be demonstrated (Christian et al. 2008). An
increase in hnRNP levels may also lead to a decrease in
radiation sensitivity (Haley et al. 2009). Together, these
findings may explain the reduction in radiation and chemo-
sensitivity in MB cell lines by c-myc downregulation as
demonstrated by van Bueren et al. (2009).

HnRNP C1/C2 was proven to be important for correct
progression through the cell cycle and its decrease led to
cell cycle arrest at G2/M. Translation of c-myc has been
shown to be influenced in a cell cycle-dependent manner
by binding of hnRNP C1/C2 to an internal ribosomal entry
site (IRES) of c-myc mRNA (Kim et al. 2003). The addi-
tion of hnRNP C1 led to an increase in c-myc protein
expression in vitro (Kim et al. 2003). It, therefore, remains
unclear, whether changes in hnRNP C1/C2 levels demon-
strated in the current experiments represent a true direct
down-stream effect of c-myc or could be seen as a feed-
back loop reflecting an attempt of the cell to compensate
for the dropping c-myc protein levels after c-myc silencing.

Stathmin (also known as oncoprotein 18 or OP18) is a
tubulin depolymerising protein reviewed by Rubin and
Atweh (2004). Stathmin prevents the correct formation of
the mitotic spindle that can only form after phosphorylation
of the protein. On the other hand, dephosphorylation at the
end of mitosis induces correct spindle depolymerisation.
Stathmin is under control of p53 and p53 induction leads to
stathmin down-regulation, thus possibly contributing to
pS53-induced growth inhibition (Ahn et al. 1999). In addi-
tion to its mitotic function, stathmin has been associated
with neuronal cell motility (Giampietro et al. 2005; Jin
et al. 2004).

Differential expression of stathmin has repeatedly been
described in various cancer types, such as leukaemia

(Melhem et al. 1991), lung adenocarcinoma (Chen et al.
2003), oral squamous-cell carcinoma (Kouzu et al. 2006),
hepatocellular carcinoma (Yuan et al. 2006), ovarian can-
cer (Wei et al. 2008), breast cancer (Alli et al. 2007b;
Brattsand 2000), Wilms tumours (Takahashi et al. 2002),
and glioblastoma multiforme (Ngo et al. 2007). Stathmin
overexpression was associated with poor outcome and a
more malignant phenotype. Cell proliferation and oestro-
gen receptor negativity was associated with stathmin pos-
itivity in breast cancer (Brattsand 2000) and stathmin
silencing decreased breast cancer cell proliferation and
viability (Alli et al. 2007b). In Wilms tumours, stathmin
was expressed in higher levels increasing with tumour
grade (Takahashi et al. 2002). Proteomics and mRNA
expression analysis revealed stathmin overexpression in
lung adenocarcinoma as compared to normal tissue, with
an increase in phosphorylation. Stathmin overexpression
correlated with poor differentiation in this malignancy
(Chen et al. 2003). Similar results were found in oral
squamous-cell carcinoma: stathmin protein and mRNA,
and immunohistochemical expression of stathmin was
higher than in normal tissue and a correlation between high
protein expression and poor prognosis was described
(Kouzu et al. 2006). In hepatocellular carcinoma, elevated
stathmin levels were accompanied by a more aggressive
behaviour (Yuan et al. 2006). Metastatic cases of ovarian
cancer harboured higher levels of stathmin (Wei et al.
2008). In a mouse glioblastoma multiforme model, stath-
min was correlated with poor survival and resistance to
nitrosourea compounds (Ngo et al. 2007).

In MB, stathmin down-regulation was seen in DAOY
cells upon apoptosis induced by methionine deprivation
(Kokkinakis et al. 2004). Previously published own work
identified stathmin down-regulation after stimulation of
TrKC-transfected DAOY cells by addition of its substrate,
neurotrophin 3 (Gruber-Olipitz et al. 2009). Neurotrophin
receptor TrkC is a known prognostic marker in MB, where
its high expression correlates with better survival (Grotzer
et al. 2001; Rutkowski et al. 2007). Kuo et al. (2009) and
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Neben et al. (2004) independently described high stathmin
expression in MB to correlate with a fulminant course of
disease and frequent dissemination.

Recent publications focus on stathmin’s role in anti-
cancer therapy. It diminishes the action of microtubule
destabilising agents, such as vinca alkaloids and taxanes
(Hait and Yang 2006) and its down-regulation reverses
susceptibility to these drugs as shown in breast cancer cells
(Alli et al. 2007a). Its inhibition was reported to contribute
synergistically to taxol-induced antiproliferative and
migratory effects of endothelial cells, suggesting a possible
therapeutic anti-angiogenic potential of anti-stathmin
agents (Mistry et al. 2007).

No connection or correlation between c-myc and stath-
min has been reported so far and herein increased levels of
stathmin in D425Med cells upon c-myc knock-down are
revealed.

Guanidinoacetate N-methyltransferase (GAMT), down-
regulated in our experiments, is a key enzyme of creatine
metabolism as reviewed by Braissant et al. (2007) and its
deficiency is associated with inborn neurologic disorders
(cerebral creatine deficiency syndromes, CCDSs) (Stockler
et al. 2007). Creatine is involved in cellular energy
metabolism and ATP homeostasis and is essential for
neuronal cells. Changes in creatine metabolism have been
described in various malignancies, such as hepatocellular
or cervical carcinoma, where an elevation of brain-type
creatine-kinase was described (Choi et al. 2001; Meffert
et al. 2005). Recently, Ide et al. (2009) established that
GAMT activity is p53-dependent and contributes to
apoptosis in conditions of glucose starvation or nutrient
stress. Reduction in GAMT observed in our experiments
may have contributed to the reduction in apoptosis seen in
MB cell lines by van Bueren et al. (2009) after c-myc
silencing.

Endoplasmic reticulum protein ERp29 levels were
decreased in our experiments. It is localised in the endo-
plasmic reticulum and was primarily described as a chap-
erone for secretory proteins, including thyroglobulin
(Sargsyan et al. 2002) and is ubiquitously expressed with
brain levels higher as compared to other organs (MacLeod
et al. 2004).

Mkrtchian et al. (2008) showed that ERp29 downregu-
lation led to volume reduction in breast cancer xenografts.
These results were gained by two alternative methods:
transfection of breast cancer cells with a dominant-negative
ERp29 variant or ERp29 overexpression as well as gene
silencing using siRNA techniques. Xenograft cells with the
dominant-negative ERp29 isoform furthermore exhibited a
higher differentiation and were smaller, but cell growth in
vitro was unchanged as compared to wild type or over-
expressing cells (Mkrtchian et al. 2008). These findings are
in disagreement with those by Bambang et al. describing

@ Springer

ERp29 as putative tumour suppressor in breast cancer due
to its ability to reduce xenograft growth in nude mice,
arrest cells at GO/Gl and inhibit cell proliferation
(Bambang et al. 2009). ERp29 has also been identified in
other malignancies, such as in hepatocarcinoma cells (Feng
et al. 2007) or basal-cell carcinoma (Cheretis et al. 2000).
In this pathology, the degree of infiltration and malignancy
was correlated to a higher ERp29 expression. The role of
ERp29 in MB cells remains as yet to be elucidated. Its
decrease upon c-myc knock-down may suggest its impli-
cation in the development of more aggressive behaviour.

Conclusions

c-myc knock-down in D425Med cells using siRNA leads to
measurable differences in the level of a variety of proteins
from several pathways and families as identified by 2D gel
electrophoresis and mass spectrometric analysis. For five
proteins, these findings could be confirmed by Western blot
analysis. Levels of hnRNP A/B, hnRNP C1/C2 and stath-
min were increased after c-myc down-regulation; those of
GAMT, ERp29 were decreased. The biological role of
these proteins in MB cells will have to be studied in further
downstream experiments. The investigation will have to be
extended to primary tumour material and protein expres-
sion should ultimately be correlated to patient outcome to
allow better risk stratification and therapy planning in
children with MB.
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