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Hedgehog signalling in medulloblastoma,
glioblastoma and neuroblastoma
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Abstract. We investigated a role for Hedgehog signalling in
glioblastoma, neuroblastoma and medulloblastoma by studying
the transcription of PTCH, SMO, GLII and GLI3 in a total of
25 cell lines by standard RT-PCR and qRT-PCR, before and
after 5-aza-2'-deoxycytidine and trichostatin A (TSA) treat-
ments. Also 25 glioblastoma samples were tested by qRT-PCR.
We also performed real-time methylated specific PCR (qMSP)
of the SMO promoter region in DNA from 80 tumor samples
(40 glioblastomas and 40 neuroblastomas) and from the 25 cell
lines. We detected SMO promoter methylation in more than
half of the cell lines and tumor samples. PTCH expression in
cell lines was lower than in normal controls, just the opposite
to GLI1.SMO and GLI3 expression were high and fully corre-
lated in glioblastoma and medulloblastoma, although partially
in neuroblastoma. Our results support the existence of
Hedgehog signalling in glioblastoma and medulloblastoma,
and to a lesser extent, in neuroblastoma.

Introduction

Genes of the Bmi-1, Notch, Wnt and Sonic Hedgehog (Shh)
pathways are crucial for development and may also be involved
in stem cell regeneration. The Shh pathway regulates the
embryonic development of both invertebrates and vertebrates,
and contributes to the formation of different organs and tissues,
including the neural tube. Shh is a secreted protein released
from Purkinje cells, being responsible for the patterning,
polarity and development of the cerebellum. It binds to target
cells presenting the twelve transmembrane receptor Patched
(Ptch), prompting cell growth and proliferation. Shh deregu-
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lated expression leads to developmental abnormalities and
tumor formation as in the case of pancreatic, colorectal, breast
and prostate cancer, basal cell carcinoma and brain tumors,
including medulloblastoma (1). The first evidence for Shh roles
in tumorigenesis came from a patient suffering from Gorlin's
Syndrome, a kind of familial predisposition to medullo-
blastoma, rhabdomyosarcoma and basal cell carcinoma (2).

In the absence of Shh, Ptch inhibits the seven transmem-
brane receptor Smoothened (Smo) (3). Shh-Ptch binding
relieves Smo, that further activates the downstream target Glil,
and Patch itself (4,5). The GLI gene family was first identified
in glioblastoma (6). GLI1, GLI2 and GLI3 share five highly
conserved tandem C2H2 zinc finger domains and a histidine-
cysteine linker sequence in between the zinc fingers. In
humans, GLII has two isoforms, GLI2 has three alternatively
spliced exons, and GLI3 has only one isoform. Glil acts as an
activator, Gli2 as an activator or as a repressor depending upon
its catalytic activity, and Gli3 as a repressor (7-11).

It has recently been reported that functional Smo is required
for GLI3 expression in colorectal carcinoma cell lines and
that SMO methylation leads to silence of GLI3 expression
independently of the Shh pathway (12). In order to prove this
in malignant brain tumors, we selected 25 cell lines (6 of
medulloblastoma, 8 of glioblastoma, and 11 of neuro-
blastoma) and 80 tumor samples (40 glioblastomas and 40
neuroblastomas) to check for PTCH, GLII, SMO and GLI3
expression, together with SMO methylation. The expression
was checked by standard RT-PCR and qRT-PCR and
compared with normal adult brain RNA as a positive control.
After treating the cell lines with 5-aza-2'-deoxycytidine and
TSA (trichostatin A), mRNA expression was newly checked.
We also checked SMO promoter methylation by real-time
melting curve (QMSP) analysis in both tumor samples and
cell lines.

Materials and methods

Cell lines and tumor samples. Twenty-five cell lines (6 from
medulloblastoma, 8 from glioblastoma and 11 from neuro-
blastoma), together with 80 tumor samples (40 glioblastomas
and 40 neuroblastomas) were analyzed in this study. For a
complete list of the cell lines, see Table III. Medulloblastoma
and glioblastoma cells were maintained in RPMI-1640 medium
(Gibco/Invitrogen) supplemented with 10% fetal calf serum,
1% penicillin and 0.1% amphocin. For medulloblastoma cells,
4% non-essential amino acids were added. Neuroblastoma cell
lines were maintained in DMEM medium (Gibco/Invitrogen)
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Table I. Primers used for RT-PCR and MSP analyses.
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Gene Forward primers (5'-3") Reverse primers (5'-3") T2 (°C) bp
GAPDH (s) GAAGGTGAAGGTCGGAGTCAAC CAGAGTTAAAAGCAGCCCTGGT 62 70
GLI1 (s) TGTATGTAAGCTCCCTGGCT AGTATAGGCAGAGCTGATGC 592 577
SMO (s) ACGAGGACGTGGAGGGCTG CGCACGGTATCGGTAGTTCT 55 580
TFR (s) GTCAATGTCCCAAACGTCACCAGA ATTTCGGGAATGCTGAGAAAACAGACAGA 60 300
PTCHI (s,q)0 CTTCGCTCTGGAGCAGATTT CAGGACATTAGCACCTTCT 55 354
GLI3 (s,q) CAGCTCCACGACCACTGAA TCCATGGCAAACACCGTCC 53 324
GLII (q) CAGTGTGGGGACAGAAGGA CGGGGAGAAGAAAAGAGTGG 574 132
SMO (q) AAGGCTGCACGAATGAGGT GGGTTCTGGCACTGGATG 57 133
SMO-M TTTTTTTATTTTTTCGTTTTTTCGT CCGACTCCTTTATTACTCTAACTCG 51 125
SMO-U TTTTTTATTTTTTTGTTTTTTTGT AACTCCTTTATTACTCTAACTCACT 51 122

Primers used for standard RT-PCR (s), qRT-PCR (q) or both (s,q). SMO-M and SMO-U were used as methylation primers (M) and
unmethylation primers (U) for gMSP. T%, annealing temperature; bp, base pairs of the amplified product.

Table II. All techniques applied to explore PTCH, SMO, GLII and GLI3 in each group of cell lines and in the tumor samples.

PTCH

SMO

GLI1 GLI3

MB cell lines RT-PCR?, gqRT-PCR®*

RT-PCR?, qRT-PCR*

RT-PCR, gqRT-PCR RT-PCR®, gRT-PCR®

(6) gqMSP
NB cell lines RT-PCR?, gRT-PCR® RT-PCR?, qRT-PCR® RT-PCR, qRT-PCR RT-PCR?, qRT-PCR®
(1n qMSP
GB cell lines RT-PCR?, gRT-PCR® RT-PCR?, qRT-PCR® RT-PCR, qRT-PCR RT-PCR®, qRT-PCR®
®) qMSP

GB samples (40)  gRT-PCR (25 samples)

gRT-PCR (25 samples)

gRT-PCR (25 samples)  qRT-PCR (25 samples)

gMSP (40 samples)

NB samples (40) nd

gMSP (40 samples) nd nd

aTechniques performed before and after 5-aza-2'-deoxycytidine and TSA; nd, not determined; MB, medulloblastoma; NB, neuroblastoma;

GB, glioblastoma.

supplemented with 10% fetal calf serum, 5% non-essential
amino acids, 1% penicillin and 0.1% amphocin.

Standard and quantitative RT-PCR. RNA was extracted from
all cell line pellets, using the Quick Prep total-RNA extraction
Kit (Amersham Biosciences, UK). Normal adult brain RNA
(Stratagene, Cedar Creek, TX) and lung RNA (Chemicon
International Inc., Temecula, CA), were used as positive
controls of expression. RNA was converted to cDNA by the
Superscript I RNase H Reverse Transcriptase kit (Invitrogen
Life Technologies, Carlsbad, CA). The cDNAs were finally
amplified by standard PCR by using the oligonucleotides in
Table I. We also checked these gene expression levels in all
the 25 cell lines and 25 glioblastoma samples by qRT-PCR.
A complete list of techniques applied to explore PTCH,
SMO, GLII and GLI3 in each group of cell lines and in the
tumor samples is given in Table II.

5-aza-2'-deoxycytidine and TSA treatments of cells. Treatments
of cells in culture were started when the confluence was
about 30% (2.6x10° cells/ml). Five micrograms of 5-aza-2'-
deoxycytidine (Sigma-Aldrich) was used for 72 h, and 100 ng/
ml TSA (Sigma-Aldrich) was applied for the next 24 h. Cell
media were changed every 24 h. RNA extraction was
performed before and after treatments with 5-aza-2'-
deoxycytidine and TSA, in order to perform cDNA synthesis,
RT-PCR and qRT-PCR of PTCH, SMO and GLI3 and to
compare their expression levels in the two conditions.

Bisulphite modification, amplification and melting curve
analysis. We selected the SMO promoter region for MSP
analysis (13) from a CG rich region spanning -753 to -303 bp
5' upstream of the SMO transcriptional start site. Bisulfite
modification of genomic DNA extracted from the 25 cell lines
and 80 tumor samples was applied by using the CpGenome
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Figure 1. Comparative RNA expression of PTCH, SMO and GLII determined by standard (A-C) and quantitative (D-G) RT-PCR. M, medulloblastoma; N, neuro-
blastoma; G, glioblastoma; L, lung RNA; Br, normal adult brain RNA; NTC, non-template control; Mr, 1 Kb Plus DNA ladder (Invitrogen Life Technologies).

DNA modification Kit S7820 (Chemicon International). Two
primer pairs were designed with the help of the online soft-

ware Methprimer (http://www .urogene.org/methprimer/index1.
html), and used for quantitative methylation-specific PCR
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Figure 2. Comparative RNA expression of SMO and GLI3 determined by standard (A) and quantitative (B-E) RT-PCR. M, medulloblastoma; N, neuroblastoma;
G, glioblastoma; L, lung RNA; Br, normal adult brain RNA; NTC, non-template control; Mr, 1 Kb Plus DNA ladder (Invitrogen Life Technologies).

(gMSP) in an iQ 5 multicolor real-time PCR detection system
(Bio-Rad). SYBER Green supermix (Bio-Rad) was used as
PCR reagent. Each sample was tested in triplicate. Universal
methylated DNA (Chemicon International) was included as a
positive control, blood DNA as a negative control, and water
(B. Braun Medical S.A., Barcelona) as a non-template control.
The results were analyzed with the help of the melting curves
produced by the methylated and unmethylated primers.

Results
PTCH, GLII, SMO and GLI3 expression. All 6 medullo-

blastoma cell lines, 7 of 8 glioblastoma cell lines (except for
U87MG), and 4 of 11 neuroblastoma cell lines (SK-N-MC,

MC-IXC, SK-N-DZ and IMR-32) expressed both SMO and
GLI3 genes (Figs. 1 and 2, Table IIT). The rest of the neuro-
blastoma cell lines (7 of 11) expressed only SMO. The glio-
blastoma cell line US7MG only expressed GLI3. Most of the
medulloblastoma, glioblastoma and neuroblastoma cell lines
showed lower expression of PTCH than normal adult brain
RNA controls (Fig. 1). After 5-aza-2'-deoxycytidine and TSA
treatments PTCH expression was increased (Fig. 3, Table III).
All 25 cell lines and 25 glioma samples expressed GLII at
substantial quantity in comparison to normal controls (Fig. 1).

SMO promoter methylation. Four medulloblastoma cell lines
(PFSK-1, TE671c2, D283 and SK-PN-DW) presented an
increase in expression of the SMO gene after 5-aza-2'-
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Table III. PTCH, SMO and GLI3 expression in medulloblastoma, glioblastoma and neuroblastoma cell lines, before and after

5'-aza-deoxycytidine and TSA treatments.

PTCH SMO GLI3
Before 5'-aza After 5'-aza Before 5'-aza After 5'-aza Before 5'-aza After 5'-aza
MB cell lines
TE671 ++ ++ ++ ++ 4+ ++++
PFSK-1 + ++ ++ +++ +++ +++
DAOY + + ++ ++ +++ +++
TE671c2 ++ +++ ++ +++ -+ ++++
D283 + ++ + ++ ++ ++
SK-PN-DW + ++ ++ +4+ + +
GB cell lines
U87TMG +/- + +/- ++ ++ ++
Al172 + ++ + + ++ ++
LN405 + ++ ++ ++ +++ +++
SW1783 +/- ++ + + ++ ++
T98G + + + + ++ ++
SW1088 ++ ++ + + ++ ++
CCF-STTG + + ++ ++ ++ ++
GOS-3 + + + + ++ ++
NB cell lines
SK-N-F1 + ++ +/- + - +
SK-N-Be(2) + + + + - +
SK-N-MC + ++ ++ ++ ++ ++
KELLY + ++ + + - -
MC-IXC + ++ ++ ++ ++ ++
SH-SY-5Y ++ ++ ++ ++ - +
MHH-MB-11 + ++ ++ ++ - -
SK-N-DZ + + + + ++ ++
IMR-32 + + + + + +
SIMA ++ ++ ++ ++ - +
Be(2)C + + + ++ - +

MB, medulloblastoma; GB, glioblastoma; NB, neuroblastoma; -, not expressed; +/-, not clear level of expression; + to ++++, different levels

of expression.

deoxycytidine and TSA treatments (Fig. 3). Also, the glio-
blastoma cell line U§7MG and two neuroblastoma cell lines
[SK-N-F1 and Be(2)c] presented re-expression of the gene
after the treatments (Fig. 3). The melting curves supported a
partial/ hemimethylation status at the SMO promoter (Fig. 4).
In order to corroborate this result in tumor samples, 40
glioblastomas and 40 neuroblastomas were studied by qMSP
and melting curve analysis (Fig. 4). Of these, 24 glioblastomas
(60%) and 16 neuroblastomas (40%) presented methylation or
partial/hemimethylation of the SMO gene promoter region.

Discussion

In this study we checked the role of the Shh pathway in the
development of two highly malignant brain tumors (glio-

blastoma and medulloblastoma) and in neuroblastoma, a
malignant extracranial tumor of the perypheral nervous system.
In fact we incorporated medulloblastoma as a control, as its
participation in the Shh pathway is well known (14-16).
These three tumors correspond to the most malignant pheno-
types of tumors of the nervous system in adults (glioblas-
toma) and children (medulloblastoma and neuroblastoma).
The three tumors present different genetic profiles. From the
histopathological point of view, there is a connection between
medulloblastoma and neuroblastoma in the sense that both of
them belong to the so-called small round cell tumors. Medullo-
blastomas are considered to be primitive neuroectodermal
tumors (PNET) developed in the cerebellum. Furthermore,
certain types of supratentorial PNET, are diagnosed as brain
neuroblastomas when they present neuroblastic differentiation.
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In this sense, in studies on medulloblastoma, neuroblastoma
and supratentorial PNET it is worthwhile to define specific
genetic markers that allow a more accurate diagnosis and a
more specific treatment of these relatively similar lessions.
Embryologically speaking, glioblastoma and medullo-
blastoma derive from the neuroepithelium, while neuro-
blastoma from the neural crest, as other tumors that appear
outside of the nervous system (melanoma, thyroid medullary
carcinoma, small cell lung cancer, malignant schwannoma,
among others).

The Shh pathway is an evolutionarily conserved develop-
mental cassette, leading different tasks in the developing
organism, such as the development of the neural tube, cranio-
facial structures, limb, lung, and others, to ensure proper
positional or polarity information within part of the developing
embryo. The activation of the Shh pathway is conducted
through Shh, which triggers a derepression of the negative
modulation of the pathway executed by Ptch on Smo. The
net effect of Shh binding to the cell surface complex is an
activation of the pathway by downstream activators such as
Glil.

We have checked the expression of some of the major Shh
pathway genes (PTCH, SMO, GLII and GLI3) in medullo-
blastoma, neuroblastoma and glioblastoma cell lines, together
with glioblastoma and neuroblastoma samples. Methylation
studies were applied on SMO as well.

All medulloblastoma cell lines (except DAOY) and all
glioblastoma cell lines (except GOS-3) showed higher levels
of expression of GLII than in normal adult brain RNA
expression. However, only 3 of the 11 neuroblastoma cell lines
(SK-N-MC, MC-IXC and SH-SY-5Y) showed higher
expression of GLII than in normal adult brain RNA. This high
expression level of GLII supports the Shh pathway activation
(17) in glioblastoma and medulloblastoma, and, less frequently,
in neuroblastoma. On the contrary, 2 medulloblastoma cell
lines (DAOY, SK-PN-DW), 7 out of 8 cell lines of glio-
blastoma (all except SW1088), half of the glioblastoma
samples (12 of 25) and 4 neuroblastoma cell lines [SK-N-MC,
KELLY, MC-IXC and Be(2)C] showed lower PTCH
expression than in normal adult brain RNA.

We detected SMO promoter methylation in 4 medullo-
blastoma cell lines (PFSK-1, TE671¢2, D283 and SK-PN-
DW), 4 glioblastoma cell lines (US7MG, A172, LN405 and
SW1088), and 6 neuroblastoma cell lines [SK-N-FI, SK-N-
MC, MHH-NB-11, SK-N-DZ, SIMA and Be(2)c]. The partial/
hemimethylation observed was also supported by the melting
curves obtained from glioblastoma and neuroblastoma tumor
samples.

Expression of GLI3 in all medulloblastoma and glio-
blastoma cell lines and in almost all glioblastoma samples
(except two samples) was higher than in normal adult brain
RNA. However, similar results were obtained in only 4 out of
11 neuroblastoma cell lines (SK-N-MC, MC-IXC, SK-N-DZ
and IMR-32).

We have demonstrated that the Shh pathway is activated
in medulloblastoma, glioblastoma and neuroblastoma.
Previously, the activation of this pathway in medulloblastoma
was known (14), but, it is not yet fully understood whether
glioblastoma (18,19) and neuroblastoma are involved in the
activation of the Shh pathway.
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It was reported that high expression of PTCH implies the
Shh pathway activation in tumors of the digestive tract (17). In
our study PTCH expression was lower than in normal controls,
but PTCH re-expression after treatments with 5-aza-2'-
deoxycytidine and TSA supports its promoter methylation, as
demonstrated for breast cancer (20).

In this study, we paid special attention to the relationship
between the expresion of SMO and GLI3, as they act
together, once the Shh pathway has been initiated, to make
the expression of GLII possible. Once this is initiated, a
cascade of genes taking part in apoptosis control and regulation
of growth will be activated. Smo behaves as an oncogene, as
its activation by Shh promotes Glil activation. On the
contrary, Gli3 exerts a dual possibility: as an activator
(similarly to Glil and Gli2), or as a repressor (21) that brakes
the activating function of Smo on Glil.

We demonstrated that SMO acts as an activator of the Shh
pathway in medulloblastoma, glioblastoma and neuroblas-
toma, as we detected a good level of expresion of SMO in most
cell lines and tumor samples studied. We also demonstrated
the methylation of SMO promoter in cell lines and tumors,
and the fact that expression of SMO increases after 5-aza-2'-
deoxycytidine and TSA treatments in cell lines. Nevertheless
it seems methylation is not playing a significant role in
silencing this gene.

Medulloblastoma and glioblastoma cell lines showed a
very noticeble correlation between SMO and GLI3 RT-PCR
expression, with the exception of the US7MG glioblastoma
cell line, which did not show a clear expression level of SMO,
although after treating the cell line with 5-aza-2'-deoxycytidine
and TSA, re-expresion of SMO was observed. These results
were confirmed by qRT-PCR analysis before and after treat-
ments with demethylating agents, and by qMSP that revealed
melting curves compatible with partial/hemimethylation of
SMO in the US7MG cell line.

Contrary to medulloblastoma and glioblastoma, neuroblas-
toma cell lines did not show a clear correlation between SMO
and GLI3 expression. Seven of 11 (64%) cell lines presented
SMO expression but did not express GLI3. Two of these 7 cell
lines did not even express GLI3 after treatments with 5-aza-2'-
deoxycytidine and TSA, while the other 5 did. The rest of the
cell lines (4 of 11, 36%) showed SMO and GLI3 expression.
gMSP also supported SMO promoter partial/hemimethylation
in neuroblastoma cell lines and tumor samples.

After the analysis of SMO and GLI3 expression we
concluded that SMO gene expression seems to be required
for GLI3 expression in medulloblastoma and glioblastoma, as
shown by the clear correlation of expression of both genes in
these types of brain tumors, and that Gli3 is acting as an
activator of the Shh pathway in these tumors. On the
contrary, neuroblastomas present different results, as the
correlation between SMO and GLI3 expression is seen in
only 4 of 11 cell lines. In these cases, we would equally suggest
Gli3 as an activator of Shh. But the other 7 cell lines present a
different scenario: 5 of them re-express GLI3 after the
treatments with 5-aza-2'-deoxycytidine and TSA, which even
suggests, as commented for PTCH, that GLI3 might be sub-
jected to promoter methylation to epigenetically regulate its
own expression, independently of Shh. The fact that in the
other 2 cell lines no expression is produced even after the
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treatments with 5-aza-2'-deoxycytidine and TSA indicates a
non-activator but a repressor function for Gli3 in at least a
subset of neuroblastomas. Also a gradient-like expression of
other genes, SMO included e.g., might be needed for GLI3
expression, in an Shh-dependent or -independent manner.

The fact that a clear activation of the Shh pathway has
been demonstrated by our study in glioblastoma and
medulloblastoma, but not clearly enough in neuroblastoma,
suggests different embryological ethiology of these tumors, as
they are neuroepithelial in origin, while neuroblastoma
derives from the neural crest. This embryological difference
might in part explain the differences in the involvement of
the Shh demonstrated in our study for these three malignant
tumors of the nervous sytem. Further studies are required to
evaluate our hypotheses.
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