doi:10.1093/brain/awn233 Brain (2008), 131, 3034-3050

Array analysis of epilepsy-associated gangliogliomas
reveals expression patterns related to aberrant
development of neuronal precursors
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Gangliogliomas, the most frequent neoplasms in patients with pharmacoresistant focal epilepsies, are charac-
terized by histological combinations of glial and dysplastic neuronal elements, a highly differentiated phenotype
and rare gene mutations. Their molecular basis and relationship to other low-grade brain tumours are not com-
pletely understood. Systematic investigations of altered gene expression in gangliogliomas have been hampered
by their cellular complexity, the lack of suitable control tissue and of sensitive expression profiling approaches.
Here, we have used discrete microdissected ganglioglioma and adjacent control brain tissue obtained from the
neurosurgical access to the tumour of identical patients (n=6) carefully matched for equivalent glial and neuro-
nal elements in an amount sufficient for oligonucleotide microarray hybridization without repetitive amplifica-
tion. Multivariate statistical analysis identified a rich profile of genes with altered expression in gangliogliomas.
Many differentially expressed transcripts related to intra- and intercellular signalling including protein kinase C
and its target NELL2 in identical ganglioglioma cell components as determined by real-time quantitative RT-
PCR (qRT-PCR) and in situ hybridization. We observed the LIM-domain-binding 2 (LDB2) transcript, critical for
brain development during embryogenesis, as one of the strongest reduced mRNAs in gangliogliomas.
Subsequent qRT-PCR in dysembryoplastic neuroepithelial tumours (n=7) revealed partial expression similari-
ties as well as marked differences from gangliogliomas. The demonstrated gene expression profile differentiates
gangliogliomas from other low-grade primary brain tumours. shRNA-mediated silencing of LDB2 resulted in
substantially aberrant dendritic arborization in cultured developing primary hippocampal neurons. The present
data characterize novel molecular mechanisms operating in gangliogliomas that contribute to the development
of dysplastic neurons and an aberrant neuronal network.
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Introduction and histological architectures (Fig. 1) (Luyken ef al., 2003;
Gangliogliomas, the most frequent tumours encountered in ~ Becker et al.,, 2007). Their focal nature and differentiated
pharmacoresistant patients with focal epilepsies are com- glioneuronal phenotype, the expression of the stem cell

posed of dysplastic neuronal and proliferative, neoplastic ~ epitope CD34 and the benign clinical course suggest an
glial cells that comprise a considerable spectrum of cellular  origin from developmentally compromised or dysplastic
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Fig. | Histopathological and immunohistochemical characteristics of gangliogliomas. (A) Gangliogliomas are characterized by a combina-
tion of glial and dysmorphic neuronal elements (haematoxylin—eosin). (B, C) These tumours may also show a broad spectrum of histo-
morphological variants including piloid growth pattern, calcifications as well as neurocytic cells (Becker et al., 2007), features observed in
the gangliogliomas included in the present array analysis. (D—I) The immunohistochemical profile shows abundant expression of glial fibril-
lary acid protein by neoplastic glial cells (D); whereas, MAP2 immunolabelling E marks only the dysmorphic neurons but not the fibrillary
glial cells. Note binucleated dysplastic neurons with perisomatic synaptophysin immunoreactivity G and accumulation of neurofilament
protein H. Whereas, dysmorphic neurons in gangliogliomas often lack expression of CD34 (F, notice CD34-positive blood vessel
endothelia), frequent CD34-positive, ‘satellite’ cells in the vicinity of gangliogliomas suggest a maldevelopmental origin of gangliogliomas 1.

Magnification and scale bars: A-C: %200, 100 um; D-I: x400, 50 im.

precursor lesions (Blimcke et al, 2002; Fassunke et al.,
2004). However, so far the molecular basis of gang-
liogliomas as well as their neuropathological relationship
to other primary low-grade brain tumours such as
dysembryoplastic neuroepithelial tumours (DNETs) or
diffuse and pilocytic astrocytomas (Rorive et al, 2006;
Daumas-Duport et al., 2007; Sharma et al., 2007) are poorly
understood. Genetic studies have argued against the
contribution of mutational events in genes involved in
other brain tumours to play a major role in gangliogliomas
(Becker et al., 2006). To control seizures, many patients
with pharmacoresistant epilepsy due to gangliogliomas have
to undergo neurosurgery. The resulting biopsy specimens
provide a unique opportunity to analyse the molecular
profiles of these glioneuronal tumours.

Expression microarrays enable the comprehensive analysis
of transcript alterations (Becker et al., 2003; Lukasiuk et al.,
2003; Crino and Becker, 2006; Kang et al., 2007; Aronica et al.,
2008). However, central nervous and glioneuronal tumour

tissue samples pose a particular challenge to expression
array studies in several regards. The complex cellular
composition of glioneuronal tumours needs its equivalent
in the control tissue used. In a recent microarray study on
gangliogliomas, tissue samples from brain autopsies have
been used as control (Aronica et al., 2008), which require
careful monitoring for potential variability due to mRNA-
degradation and expression differences based on hetero-
geneity of genetic background of individuals. In an
intriguing attempt to overcome cellular heterogeneity on
the resulting data, individual ganglioglioma cell compo-
nents were used for expression array analysis (Samadani
et al., 2007). However, this approach relies on the
substantial amplification of mRNA and might thereby
limit the number of transcripts to be analysed.

In the present analysis, we have included only gangliog-
liomas, for which pre-existing brain tissue from the neuro-
surgical access to the neoplasm was available from the same
patient. Thereby, we aimed to minimize inter-individual
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gene expression variability, which can profoundly contam-
inate differential gene expression patterns (Cheung et al.,
2005; Spielman et al., 2007). Careful microdissection of
ganglioglioma and control tissue resulted in mMRNA
amounts sufficient for high-density oligonucleotide array
hybridization (Affymetrix, Santa Barbara, CA, USA) with-
out repetitive mRNA amplification steps. In concert with
real-time quantitative RT-PCR (qRT-PCR) and in situ
hybridization for confirmation and further cellular resolu-
tion, we found 94 genes to be differentially expressed in
gangliogliomas, including several novel genes of particular
interest for the development of these tumours, i.e. protein
kinase C and its target NELL2 as well as LIM-domain-
binding 2 (LDB2), a transcriptional coactivator critical
during embryonal brain development (Ostendorff et al.,
2006). The present findings identify novel aberrant gene
expression patterns in gangliogliomas that contribute to
further elucidate the molecular basis of these tumours and
differentiate them from other low-grade brain neoplasms.

Methods

Surgical specimens

Biopsy samples were obtained from ganglioglioma patients with
chronic pharmacoresistant temporal lobe epilepsy (TLE) in the
Epilepsy Surgery Program at Bonn University (Supplementary
Table S1, n=6). Surgical removal of tumours was necessary to
achieve seizure control in all patients after standardized pre-
surgical evaluation using a combination of non-invasive and
invasive procedures (Kral et al., 2002; Kral et al., 2003). As for
ganglioglioma patients and also for patients with DNETs (n=7),
informed and written consent was obtained from all patients for
additional studies. Procedures were carried out in accordance with
the Declaration of Helsinki and were approved by the local ethics
committee. Patients have been carefully matched with respect to
clinico-epidemiological criteria to minimize structural variability.
Each specimen has been subjected to standardized neuropatholo-
gical evaluation by two independent neuropathologists and
classified according to the World Health Organization classifica-
tion of tumours (Becker et al., 2007; Daumas-Duport et al., 2007).

Oligonucleotide microarray experiments

Transcriptome-wide expression analyses were performed by cRNA
oligonucleotide microarrays (Affymetrix) similarly as described in
detail before (Becker et al., 2003). Briefly, sample preparation,
hybridization to HG UI33A microarrays (Affymetrix), washing,
staining and scanning in a GeneArray scanner (Agilent, Palo Alto,
CA, USA) were performed according to the manufacturer’s
recommendations. Fresh frozen tissue samples were cut into
12 um sections and were screened for control and tumour areas
after haematoxylin—eosin staining. In order to establish the
statistical possibility of pairwise-testing approaches only snap
frozen tissue with valuable discrimination between tumour and
control tissue from the neurosurgical access of the same patient
was involved in this study. RNA was isolated from thin tissue
slices using Qiagen RNA Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. The RNA quality
was evaluated according to several recently established quality
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markers, including the 3':5" signal ratios of reference gene
transcripts (HUM-GAPDH 3.0, HUM-18S-rRNS 2.6) and RNA
integrity number (RIN) (Stan et al., 2006). Due to absence of
significant mRNA degradation based on these quality markers
including RIN > 7 (RIN: 7.46 £0.2), the present samples were
suitable for subsequent experiments. Approximately 2.3 pg of each
total RNA was subjected to further microarray analysis. After
reverse-transcription into cDNA using T7 RNA polymerase promo-
ter sequences, cRNA amplification with biotinylated nucleotides was
catalysed by T7 RNA polymerase and cRNA was fragmented to a
mean size of 50 bp prior to hybridization to the chips.

Signal intensities for further analysis were determined by the
GeneChip Microarray Suite (MAS) 5.0 software (Affymetrix)
including RMA analysis. Subsequent data analyses were performed
in R (v.1.9.1). Visual inspection of pairwise scatterplots and Q-Q
plots confirmed that there were no hybridization failures or
outliers, and no substantial rescaling of the data was necessary for
array comparability. Cyclic lowess (locally weighted linear
regression) was used as a normalization procedure (Yang et al.,
2002). After normalization, the expression values showed the
typical heavily right-skewed distribution on the absolute scale
(Dudoit et al., 2002; Ballman et al., 2004). We excluded low-
abundant gene transcripts, i.e. expression values, which had a
mean expression value below 100 in both conditions. Apparently,
there is no consensus concerning an optimal threshold for
expression array analysis. The present conditions are similar to a
recent approach (Becker ef al., 2003). They represent a reasonable
compromise between identification of differentially expressed low-
abundant genes and avoiding augmented false positive results
(Tang et al., 2002; Miller et al., 2008). This pre-filtering reduces
the number of false positives in the low-transcript abundance
region, which is prone to a large measurement error. According to
an error model of Rocke and Durbin (2001), the error of the log-
transformed data was approximately normally distributed for
higher transcript abundance. Differential expression was estimated
by paired #-tests for each transcript using log-transformed expres-
sion data. Detailed information on P-values for individual genes
is presented in Table 1. Accounting for multiple testing issues, the
P-values were adjusted by the Benjamini—Hochberg algorithm.

Real-time polymerase chain reaction

Relative quantification (AAC;) was carried out for mRNA analysis
in gangliogliomas as well as DNETSs. In each case, adjacent control
tissue of the same patient was obtained. The reference gene
B-actin was used for normalization (Fink et al., 1998; Chen et al.,
2001). qRT-PCR (ABI PRISM 7700) was carried out in a 13 pl
reaction volume containing 6.25 pl SYBR Green PCR Master Mix
(Applied Biosystems, Darmstadt, Germany), 0.375 ul forward and
reverse primers (10 pmol/pl; Supplementary Table S2), 3.0pl
DEPC-H,O and 2.5pl cDNA dissolved in DEPC-H,0. Duplicate
reactions were carried out for each transcript. After pre-incubation
for 10 min at 95°C, the PCR reaction was performed (20s at 94°C
followed by 30s at 59°C and 40s at 72°C, 50x ). The SYBR Green
fluorescence signal was measured in each cycle.

RNA in situ hybridization

Cellular resolution of expression patterns was obtained by RNA
in situ hybridization. Thin tissue slices (12 pm) were cut on a
cryostat, thaw-mounted on silane-coated slides, fixed with 4% (w/v)
paraformaldehyde in phosphate buffer saline (PBS), dehydrated, and
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Table | Differentially expressed genes between ganglioglioma and control tissue
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Gene Symbol GenBank ID Description Fold change P-value
Regulation of chromatin state and transcription factors

FLJ20273 NM.0I90271 RNA-binding protein 241 0.0019
TCF3 BE962186 Transcription factor 3 2.05 0.0002
MEISI NM.002398.1 Meis homeobox | 1.76 0.0018
MIDI AF041209.1 Midline | fetal kidney isoform 2 1.74 0.0016
SERTAD2 BGI07456 SERTA domain containing 2 1.67 0.0036
HMGBI BE3I1760 High-mobility group box | 1.56 0.0005
HIVEP2 AL023584 Human immunodeficiency | enhancer binding protein 2 0.62 0.0005
HLF M95585.1 Hepatic leukemia factor 0.51 0.0033
CDYI AF080597I Chromodomain protein, Y-linked, | 042 0.0026
BCLIIA AF080216.1 B-cell CLL/lymphoma II1A 0.37 0.0012
SCAND2 AK022844.] SCAN domain containing 2 0.32 0.0002
Intracellular signal transduction

UBEIL NM.003335.1 Ubiquitin-activating enzyme El-like 3.65 0.0032
DPYD NM.000110.2 Dihydropyrimidine dehydrogenase 3.06 0.0010
MS4A6A NM.0223491 Membrane-spanning 4-domains, memb. 6A 2.39 0.0035
LOC728866 ALI36636.1 Implantation-associated protein 2.10 0.0046
ZAP3 Al703162 YLP motif containing | 2.04 0.003I
ITPKB NM.00222I.1 Inositol 1,4,5-trisphosphate 3-kinase B 1.83 0.0023
PTPNI3 NM.006264.1 Protein tyrosine phosphatase, non-receptor type 13 1.78 0.0012
GNGI2 BGIII76l Guanine nucleotide-binding protein, y 12 1.69 0.0006
TRAMI BC000687I Translocation-associated membrane protein 1.66 0.0037
SLC25Al16 BCO0014071 Solute carrier family 25, member 16 .57 0.0020
ATP6VOEI NM.003945.1 ATPase 1.53 0.0045
GLUL U08626 Glutamate-ammonia ligase (glutamine synthetase) 1.53 0.0046
SYTS Al659957 Synaptotagmin V 0.66 0.0046
CASQI NM.00I231.I Calsequestrin | (fast-twitch, skeletal muscle) 0.66 0.0029
ARF3 NM.001659 ADP-ribosylation factor 3 0.65 0.0032
NXPH4 Al933199 Neurexophilin 4 0.64 0.0039
SLC25A28 NM.031212.1 Solute carrier family 25, member 28 0.63 0.0046
PRKCI Al689429 Protein kinase C, iota 0.63 0.0041
AKT3 u79271.1 v-akt murine thymoma viral oncogene homolog 3 0.62 0.0045
TCPI BF224073 t-complex | 0.60 0.0005
RASALI NM.004658.1 RAS protein activator like | (GAPI like) 0.59 0.0019
HS)2 AF0805691 DnaJ (Hsp40) homolog, subfamily B, member 6 0.58 0.0035
ST6GALNAC4 ABO035I72.1 ST6-N-acetylgalactosaminide «-2,6-sialyltransferase 4 0.58 0.0019
PGAMI NM.002629. Phosphoglycerate mutase | (brain) 0.58 0.0002
MCF2 X13230.1 MCF.2 cell line-derived transforming sequence 0.54 0.0002
SCAMP5 BE22280I Secretory carrier membrane protein 5 0.51 0.0041
EFHD2 NM.024329. EF-hand domain family, member D2 0.51 0.0005
AACS NM.023928.1 Acetoacetyl-CoA synthetase 0.5 0.0030
STYKI AF2510591 Serine/threonine/tyrosine kinase | 0.50 0.0002
ADCY2 AUI49572 Adenylate cyclase 2 (brain) 044 0.003I
MTMR8 NM.004686.1 Myotubularin-related protein 8 04l 0.0010
HSPAI2A AB0078771 Heat shock 70 kDa protein 12A 04l 0.0023
ATP2B2 R52647 ATPase, Ca++ transporting, plasma membrane 2 0.39 0.0021
PRKCBI MI3975.1 Protein kinase C, B | 0.34 0.0042
RICH2 NM.014859 Rho-type GTPase-activating protein RICH2 0.29 0.0040
HSPHI BG403660 Heat shock 105 kDa/ll0 kDa protein | 0.26 0.004I
Transduction of extracellular signals and cell adhesion

MMP2 NM.004530.1 Matrix metallopeptidase 2 292 0.0002
PLAT NM.000930.1 Plasminogen activator, tissue 1.78 0.0043
SNAP23 BC003686.1 Synaptosomal-associated protein, 23 kDa 1.78 0.0014
LEPR U50748.1 Leptin receptor 1.75 0.003I
STABI NMOI5136.1 Stabilin | 1.75 0.0042
P2RY5 NM.005767.1 Purinergic receptor P2Y, G-protein coup., 5 1.74 0.0043
MPZLI BF9786l1 Myelin protein zero-like | 1.63 0.0008
FLRT3 NM.013281.1 Fibronectin leucine rich transmem. protein 3 0.6l 0.0034
VAMP2 NMOI4232.1 Synaptobrevin 2 0.55 0.0040
CYFIP2 ALI6I9991 Cytoplasmic FMRI interacting protein 2 0.53 0.0029
SSTR2 BC000256.1 Somatostatin receptor 2 0.50 0.0006

(continued)
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Table | Continued
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Gene Symbol GenBank ID Description Fold change P-value
CDHS8 AB035305.1 Cadherin 8, type 2 0.45 0.0000
GABARAPLI AFI80519I GABA(A) receptor-associated protein like | 0.45 0.0046
NELL2 NM006159. NEL-like 2 0.32 0.0046
SLCIA6 NM.005071.1 Solute carrier family I, member 6 0.30 0.003I
Control of cell cycle and proliferation

TP5313 BC000474.1 Tumour protein p53 inducible protein 3 374 0.0035
ALK NM.004304.2 Anaplastic lymphoma kinase (Ki-1) 2.55 0.0038
INHBB NM002193.1 Inhibin, B B 2.21 0.0024
TRIBI NM025195.1 Tribbles homolog | (Drosophila) 1.89 0.0025
EDNRA NM.OO0I9571 Endothelin receptor type A 1.76 0.000I
CKLF NMOI6951.2 Chemokine-like factor 1.73 0.0042
PARP4 NM.006437.2 Poly (ADP-ribose) polymerase family, member 4 1.69 0.000I
NEK9 ALINI7502.1 NIMA (never in mitosis gene a)-related kinase 9 1.59 0.0020
IGFIR NM.000875.2 Insulin-like growth factor | receptor 1.54 0.0036
RMNDI NMOI79091 Meiotic nuclear division | homolog 0.64 0.0011
NOV NM.002514.1 Nephroblastoma overexpressed gene 045 0.0012
ACTR3B NM.020445.1 ARP3 actin-related protein 3 homolog B (yeast) 044 0.0047
Development and differentiation

NGFR NM.0025071 Nerve growth factor receptor 10.34 0.0011
COLIA2 AA78871| Collagen, type |, o 2 217 0.0043
CDl4 NM.000591.1 CDI4 molecule 214 0.0005
EPB4IL2 NM.00I431.1 Erythrocyte membrane protein band 4.I-like 2 1.52 0.0027
FAMI28B BG255188 Family with sequence similarity 128, member B 0.62 0.00I1
MAPT NM.OI16835.1 Microtubule-associated protein tau 0.62 0.0006
CLPTMI BC004865.1 Cleft lip and palate-associated transmembrane protein | 0.60 0.0016
LMO4 BC003600.1 LIM domain only 4 0.5 0.004I
LDB2 NM.001290.1 LIM domain binding 2 0.32 0.0045
NEUROD6 NM.022728.1 Neurogenic differentiation 6 0.24 0.0004
Varia

CDlé3 NM.004244.1 CDI63 molecule 247 0.0037
TNIP2 AA522816 TNFAIP3 interacting protein 2 1.66 0.0020
CLEC7A AF3I3468.1 C-type lectin domain family 7, member A 1.6l 0.0033
URBI NMO14825.1 URBI ribosome biogenesis | homolog 0.66 0.0042
TMEM70 NMOI7866.1 Transmembrane protein 70 0.64 0.0044
FAMI28A BG332462 Family with sequence similarity 128, member A 0.63 0.0043
- W8790I - 0.60 0.0047
CCDC85B NM.006848. Coiled-coil domain containing 85B 0.59 0.0024
FAMIZIA All41670 Family with sequence similarity 13], member A 0.53 0.0023
- Al201594 MRNA; cDNA DKFZp762MI27 (from clone DKFZp762MI27) 0.42 0.0029

stored under ethanol and finally hybridized for 15-20h in
hybridization buffer [50% deionized formamide/10% (v/v) dextran
sulphate (50%)/0.3 M NaCl/30 mM Tris/HCI (pH 7.4)/4 mM EDTA/
1x Denhardt’s/0.5 mg/ml polyadenylic acid/0.5mg/ml denatured
salmon sperm DNA] containing the radiolabelled probe with a
specific radioactivity of 3500 c.p.m./pl. The labelled oligonucleotide
probes were generated with terminal transferase by using [>S]
dATPaS (Amersham, England, UK). Anti-sense oligonucleotides
used for LDB2, NELL2 and protein kinase C -1 (PRKCB1) are
presented in Supplementary Table S3. Optimal oligonucleotide
sequences (45-mers, 50-60% GC, low hairpin and dimer formation
probability) were selected by using Oligo 5.0 (NBI, Plymouth, MN,
USA). Hybridizations with a 1000-fold excess of the respective
unlabelled oligonucleotide served as negative controls. After
hybridization, sections were washed twice with 1x saline-sodium
citrate (SSC)/0.1% (v/v) 2-mercaptoethanol at room temperature for
20 min, once with 1x SSC/0.1% (v/v) 2-mercaptoethanol at 57°C for
45 min, once with 1x SSC at room temperature for 5 min and once
with 0.1x SSC at room temperature for 2 min. Sections were then

dehydrated, air-dried and exposed to Kodak BioMax film (Eastman
Kodak, NewHaven, CT, USA) for 2 weeks at room temperature.
Slides were dipped in photographic emulsion (Kodak NTB3;
Eastman Kodak), incubated for 6-9 weeks and developed in Kodak
D-19 developer (Eastman Kodak) for 3.5min. For analysis with
bright-field optics and to confirm cytoarchitecture, sections were
counterstained with cresyl violet.

Plasmid construction

The vector pSuper.neo+gfp (VEC PBS 0006, Oligoengine, Seattle,
USA) was used for shRNA studies. The procedure for preparing
constructs coding for shRNA was described previously
(Brummelkamp et al., 2002). The gene-specific targeting sequence
(19nt) separated by a short spacer from the reverse complement
of the same sequence and five thymidines (T5) as termination
signal was subcloned (for detailed information see Supplementary
Material). The specific murine target sequence for LDB2 was
designated shRNA-mLDB2 and the human control shRNA for

202 Iudy 60 U0 1senb Aq 282 /E/7E€0E/L L/LE L/oIoIe/UIRIg /W02 dNno"ojwepede//:sdiy wol) pepeojumod



Expression array analysis of gangliogliomas

LDB2 was designated shRNA-hLDB2. Sequences were confirmed
by NCBI Blast and had no homology with any other vertebrate
genes (Supplementary Tables S4 and S5). The full-length mLDB2
(NCBI accession number NM_010698) was cloned by PCR, with
sense primer 5-GCG AGA TCT CCA AGA TGT CCA GCA CAC
CA-3" (BglII restriction site) and an antisense primer 5-GCG GTC
GAC TCT GGG AAG CCT GGG GTG-3’ (Sall restriction site)
using RZPD clone (IRAKp961M10176Q2, BC079611) as template.
The fragment was inserted into the mammalian expression vector
pCMV-myc2 (generous gift of A. Maximov, Dallas, USA). The
yellow fluorescent protein from the pVenus vector (generously
provided by M. Schwarz, Heidelberg, Germany) was also cloned
by PCR with the sense primer 5-GCG GTC GAC AAG TGA GCA
AGG GCG AGG AG-3" (Sall restriction site) and the antisense
primer 5-GCG GGA TCC ATT ACT TGT ACA GCT CGT CCA
TGC-3’ (BamHI restriction site). The vector pCherry (generously
provided by T. Sudhof, Dallas, USA) encodes for a red fluorescent
protein, which was co-transfected when using the vector pCMV-
myc2-mLDB2-Venus. The obtained vectors were subsequently
sequenced to verify the integrity of the fusion protein. pGUR-
shGFP was kindly provided by B. Sabatini (Boston, USA).

Western blot analysis

Equal amounts of protein extracts (20 pg/sample) from transfected
293T cells were separated by SDS-PAGE and blotted to
nitrocellulose over night (45mA). After blocking with 5% skim
milk solution and 5% fetal calf serum, membranes were incubated
with mouse anti-B-actin for control and rabbit polyclonal anti-
green fluorescent protein (anti-GFP) antibodies followed by
decoration with peroxidase labelled anti-mouse or anti-rabbit
IgG, respectively. The bound complexes were detected with the
ECL-detection system (Amersham Pharmacia biotech, UK).

Neuron culture and transfection

Primary hippocampal neuron cultures were prepared from
embryonic day 19 (E19) mouse brains (Banker and Goslin,
1998). Cells were plated on poly-p-lysine coated (0.01%) in
24-well plates at a density of 150000 cells/well. Hippocampal
cultures were grown in Basal Medium Eagle (BME; Invitrogen,
Carlsbad, CA, USA) supplemented with 2% B27 (Invitrogen), 1%
glucose (Invitrogen) and 1% fetal calf serum (Invitrogen). At 5d
in vitro (DIV) hippocampal neurons were transfected using 1 pl
lipofectamine 2000 and 1pg plasmid DNA/well for 3h. The
cells were washed twice with supplemented BME and the
original medium was transferred back on the cells. In case of
co-transfection, the DNA of interest was labelled with GFP and
mixed with pCherry in a 1:0.3 ratio.

Image analysis and quantification

Digital images of single transfected neurons (at high magnifica-
tion, x400) were subjected to morphometric analyses and
quantification using ImageJ software (Wayne Rasband, NIH,
MD, USA). For measurements of primary, secondary and tertiary
dendrites, each branch was traced from branching point to the tip,
and the number of pixels was automatically calculated. All
quantifications were performed by investigators ‘blind’ to the
experimental condition. Data were obtained from three indepen-
dent neuronal preparations and transfections and in each
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transfection three wells were transfected with the identical
combination of plasmids.

Results

This comprehensive gene expression analysis of gang-
liogliomas including the neuropathological spectrum of
architectures presented in Fig. 1 was performed from
histologically verified tumour as well as adjacent normal
brain tissue, both matched for equal amounts of grey and
white matter. All microarray hybridizations were subjected
to quality assessment and fulfilled technical requirements
for reliable data mining strategies. The full array data set
will be available on ArrayExpress (‘gangliogliomas’; http://
www.ebi.ac.uk/microarray-as/ae/). Statistically more than
one-third of the transcripts were assigned ‘present’. The
average background signal was 67 compared to an average
signal genes designated present (338), marginal (85) or
absent (32). Comparative data mining between tumour and
control tissue was performed by R (V.1.9.1). Pairwise Q-Q
plots were used to address the data integrity. All Q—Q plots
aligned well along the main diagonal, confirming the
comparability of the expression distributions across differ-
ent samples (Fig. 2A). Established normalization and pre-
filtering procedures diminished false positive low-abundant
transcripts.

Subsequently, we have carried out different clustering
approaches to the data. Unsupervised cluster analysis based
on large sets of expression data provides information on the
global effects that differentiate samples under study
(Brehelin et al., 2008). In this respect, we performed cluster
analysis with all present genes based on euclidean distance
as a sample-wise distance measure and average linkage as a
set-wise distance measure. This analysis demonstrated
tumours and controls to be fairly well separated (Fig. 2B).
Intriguingly, in the euclidean distance matrix only Patients
3 and 5 had their respective tumour and control samples
closest to each other. These data suggest, that even in highly
differentiated tumours such as gangliogliomas, the para-
meter ‘tumour’ appears to be generally more distinctive
than ‘identical genetic background’ with respect to gene
expression patterns. We excluded contamination effects
between tumour and control tissue to be the cause of close
sampling between samples of Patients 3 and 5.

Although it needs to be emphasized that there is no gold
standard for 2-way hierarchical cluster analyses of large-
scale gene expression data, it is useful as an explorative tool
displaying the predominant differences across samples,
together with the genes that are best suited to differentiate
between them (Raychaudhuri et al., 2001). Using a paired
t-test followed by Benjamini-Hochberg correction for
multiple testing, we observed 94 transcripts to be
differentially expressed between gangliogliomas and con-
trols. These transcripts fulfilled several stringent criteria, i.e.
expression higher than the normalized median and a two-
sided fold-change of at least 1.5 between gangliogliomas
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Fig. 2 Oligonucleotide array analysis in gangliogliomas. (A) Scatterplot analysis of individual tumour-control pairs to monitor the data
quality. The distribution of the datapairs around the main diagonal suggests the absence of systematic effects favouring one of the two
control- or tumour sample group (control =y-axis; tumour = x-axis). Logarithmic plot of the intensity scores, as obtained from the
Affymetrix software, after standard normalization are presented as relative expression values based on Affymetrix light units. (B) Result of
unsupervised hierarchical clustering based on all present genes using euclidean distance as a sample-wise distance measure and average
linkage as a set-wise distance measure. Unsupervised cluster analysis based on such large sets of expression data provides information on
the most relevant parameter that differentiates samples under study (Brehelin et al., 2008). In the present analysis, this parameter is clearly
given by the parameter ‘control’ and ‘tumour’, although for Patients 3 and 5, tumour and control samples have closest distance to each
other (see main text for further discussion on this aspect). (C) Hierarchical clustering of 94 differentially expressed genes between gang-
liogliomas and control brain tissue (distance measure = Euclidean distance; clustering method = average linkage). The hierarchical clustering
method generates a dendrogram in which closely related samples have a short distance from each other in the dendrogram. The first six
columns represent individual control tissue data and the second six columns tumour tissue data, respectively. Each row of

coloured boxes represents expression of one gene. Colours indicate relative gene expression levels, with red representing abundant
expression and green representing reduced expression levels compared to mean expression of the respective gene. Note, that clusters of
genes, which are abundant in gangliogliomas are low in expression in controls and vice versa.
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and controls. These data mining settings allowed to detect
particularly transcripts with both stable and relevant
expression alterations. These 94 transcripts are significantly
differentially expressed between gangliogliomas and controls
(Table 1). Nevertheless, we observed a certain amount of
variability in expression between different gangliogliomas
(Fig. 2C). This feature may partly reflect the cellular
spectrum within and between gangliogliomas (Becker et al.,
2007). By clustering genes based on similar expression
patterns hierarchically into nearby places we obtained a
condition genetree (Fig. 2C). This analysis revealed two
large clusters of transcripts that showed either high levels of
expression in controls and low abundance in ganglioglio-
mas or vice versa.

In order to validate the differential gene expression data
from the array experiments described above, we used real-
time RT-PCR and concentrated on representative tran-
scripts from the low-, intermediate- and high copy range in
gangliogliomas and controls. In parallel to this aspect and
similarly to previous array analyses of brain disorders
(Gorter et al., 2006; Kang et al., 2007), in these verification
analyses we followed transcripts with a potential relevance
to pathogenetic processes as discussed in detail subse-
quently. Expression levels were determined in duplicates
and normalized to the reference gene B-actin by the AAC;
method (Chen er al., 2001). Tribbles homolog 1 (TRIB1)
and ST6GalNAc4 as low copy transcripts, NELL2, PRKCB1
and LDB2 as intermediate abundant mRNAs and AI201594,
heat shock 40kDa protein 4 (HSJ2) as well as ADP-
ribosylation factor 3 (ARF3) as high copy genes confirmed
expression differences between gangliogliomas and controls
previously observed by expression arrays (Fig. 3).
Furthermore, we used in situ hybridization to resolve
differential transcript expression of several of these
transcripts between glial and neuronal components of
gangliogliomas (Fig. 4). In order to compare gene
expression in gangliogliomas with the second major entity
of epilepsy-associated glioneuronal neoplasms, we carried
out real-time RT-PCR for the transcripts addressed before
in gangliogliomas also in DNETs (Fig. 5).

The set of 94 differentially expressed genes in gang-
liogliomas (Fig. 2) was subjected to a gene ontology analysis
(NetAffx-Portal). Differential expression of more than
individual genes related to a circumscribed number of
elementary cellular functions and molecular pathways as
follows (Table 1).

Regulation of chromatin state and
transcription factors

Gangliogliomas are characterized by dysplastic, often
binuclear neuronal components and proliferation active
glial cells (Blumcke et al., 1999). These neuropathological
characteristics are reflected by chromosomal aberrations in
the distinct cellular components (Hoischen et al, 2008)
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and may relate to aberrant transcriptional control.
The chromodomain-protein coding gene CDY1 is strongly
reduced in expression in gangliogliomas, which can
contribute to impaired chromatin assembly since several
chromodomain-proteins have been reported as tumour
suppressors that are important for chromatin rearrange-
ment. Further, impaired function of chromodomain-
proteins underlies defects in developing tissues (Bagchi
et al., 2007; Hurd et al., 2007). The B-cell CLL/lymphoma
11A (Bcll11A) gene that encodes for a Kruppel-like zinc-
finger protein, has been shown to be relevant for B-cell
development and is abundantly expressed in brain (Kuo
and Hsueh, 2007). Reduced expression of BclllA in
gangliogliomas may be associated with the lack of
maturation in its cellular components. Modified nuclear
gene activation patterns have substantial consequences for
several cellular functions, which are mediated by altered
intracellular signalling.

Intracellular signal transduction

Expression of multiple genes involved in intracellular
signalling was altered in gangliogliomas. The differentially
expressed genes were associated with distinct cellular
compartments. Expression array and real-time RT-PCR
data showed that HSJ2, a co-chaperone of Hsc70 was lower
in expression in gangliogliomas as compared to controls.
HSJ2 has been suggested to play a role in protein import
into mitochondria (Oh et al., 1993; Kanazawa et al., 1997).
Impairment of mitochondria function and mitochondrial
DNA damage have been reported in the course of epileptic
seizures (Baron et al., 2007). Accordingly, this differential
expression is not restricted to gangliogliomas but also
present in DNETs (Fig. 5). ARF3 is a GTP-binding protein
involved in protein trafficking that may modulate vesicle
budding and uncoating within the Golgi apparatus (Tsai
et al., 1991; Takeya et al., 2000). It is strongly up-regulated
in mantle zone during brain development (Takeya et al.,
2000). ARF3 mRNA levels are lower in gangliogliomas than
in controls (Table 1, Fig. 3). This finding may relate to
aberrant protein trafficking and irregular migration not
only of ganglioglioma but also DNET cell components
(Fig. 5).

A further interesting class of molecules altered in
astrocytic tumour cells as well as under epileptic conditions
is related to ganglioside biosynthesis (Yu et al., 1987; Abate
et al., 2006). «-N-acetyl-neuraminyl-2,3-B-galactosyl-1,3-N-
acetyl-galactosaminide «-2,6-sialyltransferase (ST6GalNAc4)
is substantially reduced in expression in gangliogliomas
(Table 1, Fig. 3; Harduin-Lepers et al., 2000). It belongs to
the glycosyltransferase 29 family and is involved in the
biosynthesis of ganglioside GD1A from GMI1B (Harduin-
Lepers et al., 2000). Recent data from astrocytoma cell lines
have suggested that reduced presence of gangliosides
including GDIA relates to a less invasive biological
behaviour with respect to growth and vascularization
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Fig. 3 Real-time qRT—PCR of low-, intermediate- and high copy transcripts differentially expressed between gangliogliomas and controls.
(A) TRIBI represents a low-abundant transcript whose expression was observed to be increased in gangliogliomas on the arrays. This
finding is confirmed by real-time RT—PCR. (B) The low copy mRNA ST6GalNAc4 is reduced in expression in gangliogliomas as previously
observed by gene array analysis. Real-time RT—PCRs for the intermediate copy transcripts NELL2, PRKCBI and LDB2 (C-E) as well as the
high copy mRNAs AI201594, HSJ2 and ARF3 (F=H) confirms expression differences observed by expression arrays. Al201594 is an
expressed sequence tag (EST) partially similar to B-arrestin |, which regulates B-adrenergic receptor function (Parruti et al., 1993).
B-Arrestins bind phosphorylated B-adrenergic receptors, thereby causing a significant impairment of their capacity to activate G proteins
that can be involved in aberrant signalling cascades in gangliogliomas. Due to the fact that Al201594 represents an EST, it has been grouped
as ‘varia’ (Table I). Pathogenetic implications of differential expression of the other transcripts analysed by real-time qRT—PCR in gang-
liogliomas are discussed in the main text. Expression levels were determined in duplicates and normalized to the reference gene -actin

by the AAC, method. The error bars represent SEM (n =6 each for gangliogliomas and controls; t-test: *P <0.05, ***P < 0.00l).

stimuli of tumour cells (Abate et al., 2006). Low expression
of ST6GalNAc4 in gangliogliomas is well compatible with
this benign phenotype. Remarkably, altered expression of
ST6GalNAc4 is not present in DNETSs, which are char-
acterized by a fundamentally different, multilocular growth
pattern (Fig. 5).

Several differentially expressed transcripts such as the
inositol 1,4,5-trisphosphate 3-kinase B, the protein kinase C
iota, AKT3 and the Rho-type GTPase-activating protein
RICH2 (Table 1) point towards further alterations within
phosphatidylinositol 3-kinase pathway signalling in gang-
liogliomas (Schick et al., 2007b). The phosphatidylinositol
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Fig. 4 Cellular resolution of differentially expressed genes by radioactive in situ hybridization. Microscopic bright- (top) and dark-field
(bottom) images show the distribution of LDB2 (A), NELL2 (B) and PRKCBI (C) mRNA in representative control versus ganglioglioma
tissue. Brain sections were hybridized with **S-labelled oligonucleotides specific for LDB2, NELL2 or PRKCBI. Neurons as well as glial cells
are present in control and ganglioglioma tissue samples. Neuronal cells can be differentiated by larger nuclei (bright field). Note the lower
expression of NELL2, PRKCBI and LDB2 in neuronal cell components of gangliogliomas versus controls (dark field). Negative controls with
excess of unlabelled oligonucleotides were devoid of signal (data not shown; magnification and scale bars: bright field: x200, 100 um; dark

field: x40, 500 pm).

3-kinase signalling pathway is critically involved in the
development of malformative dysplastic precursor lesions as
well as gangliogliomas (Schick et al., 2006; Schick et al.,
2007a). Expression of PRKCBI is substantially reduced in
gangliogliomas as demonstrated by expression array and
real-time qRT-PCR data (Figs 2 and 3). Furthermore,
in situ hybridization analysis suggested that PRKCBI
is reduced in small glial as well as dysplastic neuronal
cell elements in gangliogliomas (Fig. 4). PRKCBI is a
calcium-activated, phospholipid-dependent, serine- and

threonine-specific enzyme. PRKCBI is activated by diacyl-
glycerol, and in turn phosphorylates a range of cellular
proteins. Protein Kinase C (PKC) also serves as the receptor
for phorbol esters, a class of tumour promoters (Niino
et al., 1992). Induction of several PKC isoforms has been
reported after epileptic seizures promoting glutamate-
mediated cell death (McNamara et al, 1999). Lower
expression of PRKCBI in gangliogliomas may antagonize
seizure-induced cell death in these tumours an aspect that
is potentially shared by DNETs (Fig. 5).
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Fig. 5 Real-time qRT-PCR between DNETs and controls. NELL2, PRKCBI, Al201594, HS)2 and ARF3 are significantly reduced in expres-

sion in DNETs compared to control brain tissue of the same patients (C, D, F, G and H). In contrast, no significant differences in transcript
abundance are observed for TRIBI, LDB2 and ST6GalNac4 between DNETs and controls (A, B, and E). Expression levels were determined
in duplicates and normalized to the reference gene B-actin by the AAC, method. The error bars represent SEM (n =7 each for DNETs and

controls; t-test: “P <0.05).

Transduction of extracellular signals

and cell adhesion

mRNA levels of the protein kinase C-binding protein
NELL2 are also lower in gangliogliomas as well as DNETSs
(Table 1, Figs 3 and 5) (Watanabe et al., 1996). In situ
hybridization revealed a similar cellular pattern of reduced
expression for NELL2 in gangliogliomas compared to
controls as observed for PRKCB1 (Fig. 4). Impaired
expression of NELL2 in gangliogliomas can contribute to
aberrant cellular positioning and differentiation in glio-
neuronal tumours (Nelson et al., 2004).

Compared to diffusely infiltrating astrocytomas as well as
to highly circumscribed, i.e. pilocytic astrocytomas, gang-
liogliomas can present with an intermediate infiltrating
growth pattern. This biological feature may be reflected by
increased expression of only individual extracellular matrix
proteases, i.e. the matrix metallopeptidase 2 (MMP2) and
tissue plasminogen activator (PLAT) (Landau et al., 1994;
Fillmore et al., 2001). Abundant expression of these genes
reflects the moderate invasive growth character of gang-
liogliomas, by which these glioneuronal tumours differ
from the more frequent diffusely infiltrating glial brain
tumours as well as by their low-proliferation activity.
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Control of cell cycle and proliferation

Cell cycle activity and proliferation of gangliogliomas are
generally low; however, regulation of cell cycle and
proliferation of cellular components certainly constitute
general key features of tumour growth. Considering a
central aspect of ganglioglioma development, i.e. neoplastic
transformation of the glial component from pre-existing
dysplastic precursor lesions, impaired cell cycle control and
increased proliferation are critical for tumourigenesis.
A lower overall neuronal density recently observed in
cortical dysplasias suggested as precursor lesions for gang-
liogliomas relates to inadequate local proliferation or
secondary degeneration of neural precursors (Thom et al.,
2005). Aberrant expression of cell growth and apoptosis-
associated genes and proteins has been reported in cortical
dysplasias as well as in gangliogliomas (Prayson, 1999;
Kim et al., 2003). TP53-inducible protein 3, abundantly
expressed in gangliogliomas has been found to impair cell
cycle regulation (Nicholls ef al., 2004), and can be involved
in aberrant growth control in gangliogliomas. In the
ganglioglioma series under study, only individual cellular
ganglioglioma components accumulate the TP53 protein,
not suggesting a mutation of the underlying gene (data not
shown). TP53-inducible protein 3 has not been reported to
be abundantly expressed in other low-grade brain tumours
such as diffuse astrocytomas (WHO grade II) or pilocytic
astrocytomas.

TRIB1 transcripts are almost 2-fold induced in gang-
liogliomas as compared to controls, which was also
confirmed by qRT-PCR (Table 1, Fig. 3). Interestingly,
this up-regulation is not observed in DNETs (Fig. 5).
TRIB1 interacts with and regulates activation of MAP
kinases (Kiss-Toth et al., 2004). The MAP kinase pathway is
centrally involved in cellular differentiation, growth and
programmed cell death, characteristics which are substan-
tially disturbed in gangliogliomas and may contribute to
aberrant proliferation as well as differentiation of glial and
neuronal components in gangliogliomas.

Development and differentiation

Cytological and histological characteristics suggest compro-
mised differentiation of neuronal precursors during
cortex development to play a role in gangliogliomas
(Schwartzkroin and Walsh, 2000; Golden, 2001; Bentivoglio
et al., 2003). In the present expression array data set, several
differentially expressed genes relate to the development of the
central nervous system and the differentiation of neural
precursor cells. Of this group, the most abundant transcript in
gangliogliomas is the nerve growth factor receptor (NGFR,
p75) (Tapia-Arancibia et al., 2004). Whereas, neurotrophins
such as brain-derived neurotrophic factor (BDNF) were
observed increased in expression in the neuronal gang-
lioglioma components, increased p75 was reported in reactive
microglia cell components within gangliogliomas (Aronica
et al., 2001; Aronica et al., 2004).
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LIM domain-containing proteins constitute important
regulators that determine cellular fate and differentiation
during embryogenesis (Dawid et al., 1998). Here, we
observed two LIM domain-interacting transcripts, i.e. LIM
domain only 4 (LMO4) and LDB2, to be substantially lower
in expression in gangliogliomas as compared to controls
(Table 1). Reduced expression of LMO4 in gangliogliomas
reflects the benign biological behaviour of gangliogliomas in
contrast to malignant neuroblastic tumours (Aoyama et al.,
2005). LDB2 binds the LIM domain of two families of
transcription factors, LIM-homeodomain proteins (LIM-
HD) and LIM-only proteins (LMO). It has been recently
shown that the interaction of LDBs with LIM domains is
critical for the development of neurons (Fernandez-Funez
et al., 1998). LIM-HD transcription factors are substantially
expressed in neurons and essential for neuronal develop-
ment (Lundgren et al., 1995; Pfaff et al., 1996; Benveniste
et al., 1998; Way and Chalfie, 1988). LDB2 is significantly
reduced in expression in gangliogliomas (Table 1, Fig. 3).
The overall expression level of LDB2 in gangliogliomas is
remarkably higher than in DNETs (Figs. 3 and 5).
Furthermore, we did not observe a significant down-
regulation of LDB2 mRNA in DNETs as compared to
controls, although a certain tendency in this direction could
be detected (Fig. 5). By in situ hybridization, we demon-
strated that reduced expression of LDB2 mRNA is present
in dysplastic, clustered neuronal components but not in
glial cell elements of gangliogliomas (Fig. 4).

Considering the unique neuropathological aspect of
gangliogliomas, i.e. dysplastic and immature neuronal cell
components, we focused our further analysis on the
functional role of LDB2 for neuronal development. To
this end, we applied an shRNA approach to selectively
knock-down the expression of murine LDB2 in primary
hippocampal cells. We first tested the efficiency and the
specificity of the knock-down in HEK293T cells that had
been co-transfected with plasmids encoding a LDB2-eGFP
fusion protein and an shRNA targeted against murine
LDB2 (shRNA-mLDB2). Levels of the LDB2-eGFP fusion
protein were reduced by 80% 120h after transfection
(Fig. 6A and B). Using the same assay, an shRNA against
the human LDB2 homologue (shRNA-hLDB2) did not
result in a significant knock-down of LDB2-eGFP even
though there is a sequence homology of >98% between
murine and human LDB2 ¢DNAs (Fig. 6A and B). In the
subsequent experiments, shRNA-hLDB2 and an unspecific
shRNA against GFP (pGUR-shGFP) were therefore used to
control for off-target effects. We then transfected primary
hippocampal neurons with the plasmid encoding the
shRNA against murine LDB2 and the control plasmids
pSuper, shRNA-hLDB2 and pGUR-shGFP (Fig. 6C-F).
Transfection of primary hippocampal neurons with the
plasmid encoding pCMV-LDB2, ie. resulting in over-
expression of LDB2, did not result in significant morpho-
logical differences as compared to controls (data not
shown). Whereas, native primary hippocampal neurons
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Fig. 6 (A, B) Analysis of the silencing efficiency and specificity of
an shRNA targeted against murine LDB2. (A) HEK293T cells were
transfected with pCMV-mLDB2-Venus and co-transfected with
shRNA-mLDB2 and shRNA-hLDB?2. Total cell lysates were pre-
pared, and equal lysates fractions (20 Lig/lane) were analysed by
immunoblotting. The blot was probed with antibodies against
EGFP and B-actin. Numbers on the left indicate positions of mole-
cular weight markers. Only the shRNA targeted against the
murine LDB2 but not the one against the human LDB2 results in
an efficient knock-down of murine LDB2. (B) Quantification of the
knock-down efficacy of the shRNA—vectors was performed with
the AIDA software. Transfection with shARNA-mLDB?2 reduced the
expression of LDB2 up to 80%; whereas, the shRNA against
human LDB2 did not significantly reduce LDB2 expression and was
therefore used as control in the following experiments. The error
bars represent SEM (t-test: **P <0.005). (C-F) LDB2 promotes
dendritic branching of developing hippocampal neurons.
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showed a densely arborized pattern of processes, neurons with
reduced expression of LDB2 revealed substantial structural
impairment, i.e. aberrant arborization. These alterations are
absent in all control conditions (Fig. 6C-F). Quantitatively,
we observed a substantial reduction of the amount of
dendrites reflecting the complexity of the dendritic tree in
primary hippocampal neurons transfected with shRNA-
mLDB2. This alteration affected the distal, tertiary dendritic
compartment but also primary and secondary dendrites
(Fig. 6G). LDB2 and its interacting partners represent a novel
family of molecules potentially involved in aberrant develop-
ment of ganglioglioma components.

Discussion

Gangliogliomas are complex glioneuronal brain tumours
frequently associated with pharmacoresistant epilepsies.
Gene expression studies using microarrays allow a compre-
hensive analysis of transcript alterations that reflect
pathomechanisms operating in gangliogliomas. By using a
stringent clustering approach, we have observed 94
transcripts to be differentially expressed between gang-
liogliomas and control tissue. Generally, such alterations of
gene expression are the consequence of modified epigenetic
regulation and/or mutations of promoters that control gene
expression. However, not only such factors intrinsic to
ganglioglioma cell components but also the interaction of
tumour elements with the environment including immune
mechanisms, propensity for infiltration and, in functional
regards, epileptogenicity influence the expression profile of
these tumours. Some of the identified gene profiles are new;
other results extend or confirm previous findings on gene
expression alterations in gangliogliomas as outlined for
individual gene clusters above. Here, we will focus on
distinct aspects of gangliogliomas based on our microarray
and subsequent analyses related to aberrant development of
neuronal precursors and glial components as well as
differences in expression profiles of gangliogliomas and
other low-grade primary brain tumours.

Focal epilepsies constitute multifactorial disorders (Elger,
2002). The pathogenesis of focal epileptic attacks is not
entirely understood and the relative contribution to

Representative confocal images of primary hippocampal neurons
at DIVII that had been transfected at DIV5. (C) Substantial mor-
phological impairment of dendritic arborization was present in
hippocampal neurons transfected with shRNA-mLDB2. As control
experiments, primary neurons were transfected with the control
vectors pSuper D, shRNA-hLDB2 E and pGUR—-shGFP

(F, co-transfected with pCherry). Morphologically, neuronal cells
exposed to control vectors showed dense dendritic branching.
(G) LDB2 has substantial effects on dendritic branching in devel-
oping hippocampal neurons. The number of all primary, secondary
and tertiary dendrites, in sShARNA-mLDB2 transfected neurons was
significantly reduced versus controls. Photographed cells were
measured morphometrically with Image). (black: pSuper; white:
pGUR-shGFP; grey: shRNA-hLDB?2; dark grey: shRNA-mLDB2;
t-test: “**P <0.00l).
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epileptogenicity of lesional versus perilesional areas is
variable between individual patients (Wong, 2008), which
limits the significance of differential gene expression
patterns in this respect. Lesions can disrupt the anatomic
architecture and conduction routes of the central nervous
system. Seizures are elicited by deafferenting areas of the
cerebral cortex or by immediate physical effects such as
stretching of brain tissue, impairment of the extracellular
space, altered homoeostasis of neurotransmitter clearance as
well as ion equilibrium, which contributes to aberrant
synchronous discharges (Heinemann, 2004; Wolf et al,
1995a; Binder and Steinhauser, 2006). In patients with
electrically inert lesions such as glial scars and diffuse
gliomas, these mechanisms will constitute the most likely
scenario. Remarkably, although epileptic seizures are not
infrequent in diffusely infiltrating gliomas, the frequency is
much less than in glioneuronal tumours (Pace et al., 1998).

In glioneuronal tumours and malformations, the popula-
tion of dysplastic neuronal cells inherent to these lesions
may actively participate in the generation of seizures in
addition to the effects described above. This can be either
through aberrant release of neurotransmitters or neuromo-
dulators into the adjacent brain tissue or through the
electrical activity of their intrinsic neuronal network (Wolf
et al., 1996; Cepeda et al., 2007; Aronica et al., 2008). The
fact that epilepsy is substantially more frequent in gang-
liogliomas than in glial tumours argues for an active
contribution of the neuronal component to epileptogenesis
in these neoplasms. In addition, the interplay between
lesional and surrounding tissue contributes to epileptogen-
esis, which constitutes an important factor for the outcome
of epilepsy surgery (Wong, 2008).

Interestingly, it had been previously shown, that
neurochemical profiles from ganglioglioma neuronal com-
ponents are not substantially different from neurons in
normal control CNS tissue (Wolf et al.,, 1995b), and also
in the present microarray analysis we do not observe
numerous expression changes of neurotransmitter receptors
or ion channels in gangliogliomas. Dysplastic neurons
substantially contribute to aberrant signal transmission
within the neuronal network (Knafo et al., 2001). Many
differentially expressed transcripts observed in the present
study relate to aberrant differentiation of neuronal gang-
lioglioma components (Table 1, Figs 3 and 4). These
dysplastic neuronal cells may contribute to an epileptogenic
network, which in individual patients is not limited to the
lesion but extends to the perilesional area. However, e.g.
our LDB2 quantitative transcript analyses and in situ
hybridization demonstrate a selectively reduced presence
in neuronal ganglioglioma components, putatively contri-
buting to their dysplastic differentiation. Our observation
that neurons with reduced levels of LDB2 exhibit an altered
morphological phenotype, characterized by a decrease in
dendrite density, is the first functional evidence linking
LDB2 to the molecular mechanisms underlying impaired
development of a regular cortical architecture. Since
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neuronal migration and differentiation processes rely on
intercellular signalling (Wu et al, 1999; Williams and
Truman, 2004), a reduced dendrite density of developing
neurons with silenced LDB2 during development of the
brain may contribute to an abnormal neuronal network.
Clearly, such individual alterations do not constitute factors
sufficient to elicit epileptic attacks. Further alterations are
required to manifest epileptic seizures such as growth of a
neoplastic glial component and the interaction with
perilesional factors and e.g. invading immune cells
(Wong, 2008). Remarkably, many patients with glioneur-
onal tumours do not manifest epilepsy in early childhood
but acquire seizures later in life. This may reflect
glioneuronal tumours to constitute highly dynamic entities,
which at a certain point overcome a virtual threshold to
manifest seizures.

As described here, gangliogliomas have rather specific
anatomical and clinical features. Does the microarray data
argue for molecular neuropathological mechanisms in
gangliogliomas distinct from other low-grade brain lesions?
A variety of studies using expression microarray approaches
have been conducted in cortical malformations as well as
low-grade glial and glioneuronal tumours. Certainly,
microarray data obtained from different sources may only
be compared with great caution since substantial variability
in the studies can contaminate the comparisons and
differences with respect to factors such as the array
platform used, the detection thresholds, control tissue,
linear dynamic range of the arrays, etc. have considerable
influence on the data.

In cortical dysplasias, distinct transcriptional profiles were
found as compared to our present data (Kim et al., 2003).
A remarkable finding of this study was a substantially
increased expression of anti-apoptotic elements and decreased
expression of pro-apoptotic factors. Considering that we did
not observe substantial overlap between differential gene
expression in gangliogliomas of our collective and the
reported expression profile in cortical dysplasias, the data
suggest different molecular pathways to operate in both
lesions. Whether the cortical dysplasias analysed by Kim and
colleagues (2003) can constitute precursor lesions for gang-
liogliomas remains unresolved, since the group of cortical
dysplasias analysed there is heterogeneous.

With respect to the literature as well as our present
analysis, there are intriguing similarities as well as differe-
nces in expression patterns between gangliogliomas and
DNETs. This may be particularly remarkable since DNET's
show distinct neuropathological features, i.e. a composition
of small oligodendroglia-like cell components as well as
‘floating’ neurons, which generally do not share the dysp-
lastic features of neuronal ganglioglioma components
(Daumas-Duport et al, 2007). Increased presence of
reactive microglia in gangliogliomas as well as DNETs has
been interpreted as potential mechanism to contribute to
epileptogenesis in glioneuronal tumours (Aronica et al.,
2005). We observed expression signals in the ganglioglioma
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samples that may reflect microglia activation (Table 1).
Furthermore, it was shown that DNETs share distinct
features with gangliogliomas with respect to the expression
of BDNF and TrkB (Aronica et al., 2001).

Our present array analysis showed NGFR as the most
abundant transcript in gangliogliomas. Tyrosine kinase
receptors trkA, -B and -C were observed to be strongly
expressed in neuronal components of gangliogliogmas, FCD
and DNET (Aronica et al, 2004). Similarly, to these
partially shared expression differences, our present data
suggest gangliogliomas and DNETs to share some differ-
ential expression patterns (Figs 3 and 5), ie. reduced
expression of NELL2, PRKCBI1, HSJ2 and ARF3. However,
we identified several gene expression patterns that were
specifically altered only in gangliogliomas such as for
TRIB1, ST6GalNac4 and LDB2, related to distinct dysplastic
features of these glioneuronal tumours.

Even though several studies have addressed gene expres-
sion using microarrays in gangliogliomas before, the
experimental approaches applied were fundamentally dif-
ferent from ours and the potential for comparison is
thereby limited. Clearly, gene expression data obtained
from tissue specimens of gangliogliomas result in a mixed
signal derived from glial and neuronal elements as well. We
have here used in situ hybridization to resolve differential
gene expression between these cell components. A more
direct approach was recently taken by obtaining gene
expression patterns from single ganglioglioma cell compo-
nents (Samadani et al., 2007). Nevertheless, substantial
overlap is present with respect to gene groups and
functional clusters differentially expressed in this analysis
and our present data. Differential gene expression in
dysplastic neurons strongly relates to the downstream
component (mTOR) of the insulin receptor pathway
(Samadani et al., 2007). P75 NGF receptor which we
found strongly up-regulated in our present set of gang-
liogliomas was reported to be substantially induced in
expression in the astrocytic cell component of gang-
liogliomas (Samadani et al., 2007). Another highly inter-
esting aspect of ganglioglioma pathology has been recently
highlighted by data obtained from microarrays using
different detection algorithms as well as autopsy control
tissue. This study suggested the presence of a substantial
inflammatory and innate immune reaction in ganglioglio-
mas (Aronica et al., 2008). We also found microglia-related
transcripts, e.g. CD14, to be induced in expression in
gangliogliomas. It has been reported that CD14 mediates
dendritic impairment by innate immune cells (Milatovic
et al., 2004), which may contribute to aberrant architecture
of dysplastic neuronal components of gangliogliomas.

Our present data suggest substantially different molecules
and pathways to be involved in ganglioglioma development
as compared to low-grade diffusely infiltrating astrocytomas
and pilocytic astrocytomas. Recent data showed the most
prominent difference between diffusely and pilocytic
astrocytomas related to induction of genes encoding
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adhesion- and infiltration-related molecules in diffuse
astrocytomas, well compatible with their specific growth
pattern (Rorive et al., 2006; Sharma et al., 2007). Vice versa,
a number of genes induced in pilocytic astrocytomas related
to anti-migration, which is well compatible with the
circumscribed growth pattern of pilocytic astrocytomas.
Our analysis of gangliogliomas reveals an intermediate
phenotype. Some transcripts related to invasions such as
MMP2 and tissue plasminogen activator were induced in
expression. This may reflect the generally only minor
infiltration behaviour of gangliogliomas.

Taken together, the present study identifies new genes
and molecular cascades to be differentially expressed in
gangliogliomas as well as extends the knowledge on genes
and pathways previously implicated in the pathogenesis of
glioneuronal tumours. Particularly, it contributes to differ-
entiate molecular cascades that play a role in distinct low-
grade brain tumours and the aberrant differentiation of
ganglioglioma cell components. Therefore, the present data
provide a basis to develop functional models for glioneur-
onal tumours.
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