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Abstract Focal cortical dysplasias (FCD) represent a
frequent finding in patients with chronic intractable epi-
lepsy. Neuropathological hallmarks include localized dys-
lamination of the neocortex and neuronal heterotopias in
white matter. Balloon cells, similar to those occurring in
cortical tubers of patients with tuberous sclerosis (TSC) are
observed in numerous patients. These lesions were classi-
fied as FCD type IIb (FCD IIb). Recent findings indicate
an accumulation of TSC/ polymorphisms as well as loss
of heterozygosity (LOH) and/or microsatellite instability
(MSI) at the TSCI locus on chromosome 9q in FCD IIb.
Here, we tested the hypothesis of whether chromosomal
instability constitutes a genome-wide phenomenon in this
patient cohort. Seven microsatellite markers based on a
reference panel recommended by the international work-
shop on microsatellite instability were analyzed in 14 sur-
gical FCD IIb specimens. DNA from single laser-mi-
crodissected cells, i.e., balloon cells versus control neu-
rons obtained from adjacent cortex was harvested for PCR
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amplification and subsequent fluorescent fragment length
gel electrophoresis. Our analysis revealed only rare in-
stances of LOH and MSI at genomic loci on 2p and 17q,
whereas no alterations were found at informative markers
on chromosomes 1p, 5q and 18q. In addition, no loss of
repair protein expression (MSH2 or MLHI1) has been
identified in balloon cell nuclei of FCD IIb specimens.
The present data suggest solitary LOH and MSI events at
genomic localizations others than the 7SC/ locus to occur
in FCD IIb. Our findings lend further support to the hy-
pothesis that the molecular pathogenesis of FCD IIb is as-
sociated with TSCI.

Keywords Balloon cell - Epilepsy - Microsatellite
marker - Mismatch repair - Laser microdissection

Introduction

Cortical dysplasias display a broad spectrum of structural
alterations, which appear to result from aberrant prolifer-
ation, migration, differentiation and apoptosis of neural
precursors and neuroglial cells during cortical develop-
ment [13, 29]. Due to distinct clinical and phenotypic
characteristics, a subtype linked to chronic intractable ep-
ilepsy has been determined as focal cortical dysplasia of
Taylor’s balloon cell type [31]. In a recent classification
system of epilepsy-associated cortical malformations, this
variant was referred to as focal cortical dysplasia (FCD)
type IIb [25]. In our series, FCD IIb was identified by a
transmantle-like hyperintensive lesion on magnetic reso-
nance images, characteristic histopathological findings and
favorable clinical outcome [33]. Striking histomorpholog-
ical similarities between FCD IIb and tuberous sclerosis
(TSC)-associated cortical tubers, i.e., dysplastic neurons
and balloon cells, have suggested that the TSC/ and TSC2
genes are involved in the molecular pathogenesis of FCD
IIb.

Previous loss of heterozygosity (LOH) studies revealed
allelic losses at the TSC/ (hamartin; chromosome 9q34)
and TSC2 (tuberin, chromosome 16p13.3) loci in lesions
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of TSC patients and in sporadic tumors of individuals not
suffering from TSC. Hamartin and tuberin have been sug-
gested to constitute a tumor suppressor mechanism [14,
16, 34]. Recently, we have observed a significant increase
in the frequency of TSC/ polymorphisms and chromoso-
mal instability [LOH and microsatellite instability (MSI)]
at the TSC! locus in FCD IIb of patients with chronic
pharmaco-resistant epilepsy [5]. The combination of LOH
at the TSC/ locus and coding polymorphisms of the sec-
ond allele in FCD IIb represented an intriguing finding
with respect to the two-hit hypothesis for the inactivation
of tumor suppressor genes [21]. Other studies pointed to-
wards differences between FCD IIb and TSC in the ex-
pression of excitatory and inhibitory neurotransmitter path-
ways [10, 11, 36].

A further, novel observation was the instability of indi-
vidual microsatellite markers at the TSC/ locus in balloon
cells obtained from surgical specimens of FCD IIb pa-
tients [5]. Microsatellites constitute short, tandemly re-
peated nucleotide sequences widely distributed through-
out the genome, which appear particularly prone to repli-
cation errors [20]. Nucleotide repeat length alterations are
used as diagnostic criteria for the replication error pheno-
type in tumor DNA and referred to as MSI [6, 32]. MSI is
most commonly caused by a deficiency of DNA mismatch
repair (MMR) genes, i.e., MLHI or MSH?2 [2]. MSI repre-
sents a hallmark of the hereditary nonpolyposis colorectal
carcinoma (HNPCC) syndrome with a high incidence of
colorectal tumors [1]. A subpopulation of HNPCC patients
develop gliomas. Several studies have addressed MSI in
gliomas using different panels of microsatellite loci. Vari-
able prevalences of the defective repair phenotype have
been reported in these studies [12, 30, 38]. Referring to
National Cancer Institute consensus microsatellite mark-
ers [6], MSI has been detected in a substantial fraction of
highly differentiated, epilepsy-associated glio-neuronal
neoplasms, i.e., gangliogliomas [2]. This appeared partic-

ularly remarkable since MSI has been generally regarded
as a phenomenon primarily related to malignant neo-
plasms.

To answer the question of whether chromosomal insta-
bility in FCD IIb is a genome-wide phenomenon, as has
been demonstrated in gangliogliomas, or a genomic alter-
ation restricted to the region of the TSCI locus [9], we
have analyzed a set of seven microsatellite markers of dif-
ferent genomic localizations as well as the expression of
the MMR proteins MLH1 and MSH?2 in 14 FCD IIb le-
sions of patients with intractable epilepsy.

Materials and methods
Surgical specimens

Biopsy samples were obtained from 14 patients with chronic phar-
maco-resistant epilepsy, who underwent surgical treatment in the
Epilepsy Surgery Programs at the University of Bonn Medical
Center and the Epilepsy Center at the Bethel Hospital. In all pa-
tients, surgical removal of the FCD IIb was necessary to achieve
seizure control after presurgical evaluation [22]. Informed and
written consent was obtained from all patients for additional stud-
ies. Two of the patients presented with multiple stigmata of TSC,
i.e., skin lesions (facial angiofibromas, hypomelanotic macules),
retinal hamartomas or cardiac rhabdomyoma, and were therefore
classified as manifest TSC [27]. All procedures were conducted in
accordance with the Declaration of Helsinki and approved by the
ethics committees of the respective institutions. Surgical speci-
mens were fixed in formaldehyde overnight and embedded into
paraffin. All FCD IIb were reviewed by experienced neuropathol-
ogists at the Bonn or Bethel epilepsy centers. The FCD IIb speci-
mens have been previously analyzed for genomic alterations at the
TSCI locus [5].

Laser-assisted microdissection and PCR

UV laser microbeam technology based on a nitrogen laser [28]
(PALM, Bernried) was applied for microdissection and harvesting
of balloon cells of the FCD IIb lesion and adjacent normal brain
neuronal cellular elements. Balloon cells could be differentiated

Table 1 Primers, annealing temperatures, microsatellite repeat sequences as well as amplicon length, chromosomal localization and
fluorescence primer labels (FAM, TET, HEX) for PCRs (¥ forward primer, R reverse primer)

Primer Sequence Annealing  Repeat sequence Product  Location Label

name Temperature (bp)

MYCL1 F 5-TGGCGAGACTCCATCAAAG-3’ 60°C (GAAA)17 140-209 1p32 HEX
R 5-CCTTTTAAGCTGCAACAATTTC-3’

D2S123 F 5-AAACAGGATGCCTGCCTTTA-3’ 50°C (CA)I3TA(CA)I5(T/G A)7 200-230 2pl6 FAM
R 5’-GGACTTTCCACCTATGGGAC-3’

BAT 26 F5-TGACTACTTTTGACTTCAGCC-3’ 55°C (T)5.....(A)206 100-120 2pl16.3-p21 TET
R 5’-AACCATTCAACATTTTTAACCC-3’

BAT 25 F5-TCGCCTCCAAGAATGTAAGT-3’ 55°C TTTT.T.TTTT.(T)7.A(T)25 110-130 4ql2 FAM
R 5-TCTGCATTTTAACTATGGCTC-3’

D5S346 F 5-ACTCAATCTAGTGATAAATCGGG-3’ 55°C (CA)26 100-130 5q21/22 HEX
R 5-AGCAGATAAGACAGTATTACTAGTT-3’

D17S250 F 5-GGAAGAATCAAATAGACAAT-3’ 50°C (TA)T.oviiiens (CA)24 140-170 17q11.2-q12 TET
R 5-GCTGGCCATATATATATTTAAACC-3’

D18S58 F 5-GCTCCCGGCTGGTTTT-3’ 60°C (CA))17 144-160 18q22.3 TET

R 5-GCAGGAAATCGCAGGAACTT-3’




according to their nuclear and cellular morphologies after hema-
toxylin-eosin staining of 10-um paraffin sections. Ten cells were
harvested and sampled for each PCR reaction. Cells from normal
cortex outside the FCD IIb served as controls for SSCP analysis.
Harvested samples were further processed as recommended by the
manufacturer. The DNA isolation was carried out according to the
manufacturer’s protocol of the QIAampDNA Mini Kit (Qiagen,
Hilden, Germany).

PCR/microsatellite marker analysis

PCRs were carried out separately for DNA obtained from balloon
cells vs control cell samples. LOH/MSI analysis was performed
using the seven microsatellite markers MYCL1 (1p32), D2S123
(2p16), BAT26 (2p16.3-p2), BAT25 (4q12), D5S346 (5q21/22),
D17S5250 (17q11.2-q12) and D18S58 (18q22.3) [23]. A total reac-
tion volume of 20l containing the previously extracted DNA
from laser-microdissected cellular components, 10x PCR buffer
(-MgCl,), 0.2 uM dNTPs, 0.075 U Taq polymerase, 1.5 mM MgCl,
and 1 pmol of each primer was used. Primer combinations were
applied as outlined in Table 1. Amplification was performed in an
automated thermocycler (GeneAmp 2700, Applied Biosystems) for
40 cycles at 94°C for 30s, annealing for 30s at 50/55/60°C, and
72°C for 1 min. An initial 2-min step at 94°C and a final 10-min
step at 72°C were added. For DNA fragment analysis using the
PRISM 310 (ABI, Foster City, CA), 1 ul of each PCR product was
mixed with 12 pl formamide and 1 ul GeneScan-350 size standard
to a total volume of 18 ul and processed as described above [23].
The status for each microsatellite marker in an individual FCD IIb
was determined by at least two replicates starting at the laser-mi-
crodissection level. The Chi-square test was used for statistical
comparison of MSI frequencies in informative cases of microsatel-
lites at chromosomes 1, 2, 5, 17 and 18 versus the previous data
from our group on MSI for markers D9S302, D9S303 and D9S319
at the TSC1 locus [5].

Immunohistochemistry

Detection of the mismatch repair proteins MSH2 and MLH1 was
carried out with mouse anti-human monoclonal antibodies (MSH2
clone, G219-1129; MLHI1 clone, G618-15, PharMingen, San Diego,
CA) as described in detail previously [23]. In brief, paraffin sec-
tions of FCD IIb (n=11) were deparaffinized in xylene, rehydrated
in graded alcohols, and washed in TRIS buffer. Heat-induced epi-
tope retrieval (600 W microwave treatment twice for 15 min in pre-
warmed 10 mM sodium citrate buffer, pH 6) was applied during
MSH?2 and MLH1 staining procedures. Primary antibodies were
added (dilution: MSH2 1:50, MLHI1 1:75) before incubation of
slides overnight at 4°C, which were subsequently processed on an
immunostainer (TechMate 500, Dako, Hamburg, Germany) and
visualized using the avidin-biotin-complex method. Specificity of
the antibodies has been tested previously [23]. Hematoxylin-coun-
terstained sections were mounted in aqueous mounting media and
analyzed by standard light microscopy. Neurons, glia and endothe-
lial cells in normal CNS tissue adjacent to the FCD IIb served as
internal controls. FCD IIb cellular components were considered to
lack repair protein expression if nuclei were deficient of immuno-
staining for MSH2 or MLHI1 in contrast to positive internal control
nuclei.

Results

The microsatellite allelic mobility shift analysis of laser-
microdissected cellular components from FCD IIb of 14
individuals revealed the microsatellite marker status sum-
marized in Fig. 1. Sequence alterations were found in
three patients: MSI was detected at D17S250 in the FCD
IIb of patient 8 (17q11.2-q12). LOH events at D2S123
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Fig.1 MSI and LOH status obtained from 14 epileptic patients
with FCD IIb using microsatellite markers MYCL1, D2S123,
BAT26, BAT2S5, D5S346, D175250 and D18S58. A Genomic in-
stability is observed in only three FCD IIb of the present series.
Clinically manifest TSC patients (+) are also listed and do not ex-
hibit genomic instability in the microsatellite markers (gray circles
non informative, white and black circles maintenance of heterozy-
gosity, black circles LOH, circles with bar MSI). B Representative
MSI observed at D175250. C LOH at D2S123 as found in two
FCD IIb (MSI microsatellite instability, LOH loss of heterozygos-
ity, FCD focal cortical dysplasia, TSC tuberous sclerosis)

(2p16) were observed in two FCD IIb (patients 3 and 5).
In the FCD IIb of patient 5, the LOH at D2S123 was
found in concert with MSI at D17S250. This was the only
case in which such co-occurrence at two loci was noted in
a single FCD IIb in the present series. Taking previously
reported microsatellite analysis at the TSC/ locus into ac-
count [5], this was one of only three FCD IIb cases with
MSI for more than one microsatellite marker at 9q. Two
patients with manifest TSC showed no genomic alterations
with the present microsatellite markers (Fig. 1). The com-
parison of genomic instability (LOH and MSI) at the in-
formative markers in the present study with previously re-
ported results of our group for microsatellites at the T7SC/
locus [5] demonstrated that chromosomal alterations were
most frequently observed at chromosome 9q (Chi-square
test P<0.001; Fig. 2).

Using an immunohistochemical approach, we have also
studied whether defective rough endoplasmic reticulum due
to an impairment of MSH2 and MLHI1 may be related to
MSI. However, no significant reduction or loss of expres-
sion for MSH2 and MLH1 was found in FCD IIb (Fig. 3).
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Fig.2 Frequency of genomic instability events in FCD IIb at dif-
ferent chromosomal localizations. The percentages of genomic in-
stability are based only on informative FCD IIb cases for each
marker. Therefore, BAT26 and BAT25 microsatellites are not
listed. Substantially higher numbers of microsatellite marker alter-
ations (MSI or LOH) can be observed in the 9q region of the T7SC/
locus, i.e., markers D9S302, D9S303 and D9S319 as determined
previously by our group [5]

Discussion

TSC1 and TSC?2 represent tumor suppressor genes affected
in different neurocutaneous lesions. The general pathoge-
netic concept for the action of tumor suppressor genes
corresponds to the two-hit hypothesis for the inactivation
of tumor suppressor genes, i.e., LOH of one allele and as-
sociated mutation in the second allele [21]. Mutations of
TSC1I and TSC2 were found in patients with both sporadic
and familial TSC [19, 37]. The frequency of LOH ap-
peared to be significantly lower in brain lesions compared
to other malformations of TSC patients [17].

In a laser-microdissection based study, LOH at the TSC/
locus was observed in 11 out of 24 patients with FCD IIb
[5]. Of these 11 FCD IIb cases, 6 showed LOH in combi-
nation with sequence alterations in exon 14/intron 13,
exon 17 or exon 22 of the TSC/ gene. In addition to LOH,
instability of microsatellite markers was observed in 6 FCD
IIb patients [5]. The remarkably high incidence of chro-
mosomal instability, i.e., LOH and MSI, at 9q raised the
question of whether chromosomal instability in FCD IIb
is a widespread genomic phenomenon as has been dem-
onstrated in glioneuronal tumors [2] or a more specific al-
teration confined to the region of the 7SC/ locus [9].

Our present results showed chromosomal instability to
occur only rarely at chromosomes 2 and 17. No LOH or
MSI has been observed in informative markers on chro-
mosomes 1, 5 and 18. In concert with a previous report
from our laboratory on MSI and LOH at 9q [5], the pre-
sent data using a microsatellite marker set with random
genomic distribution underline that LOH and MSI prefer-
entially affect the TSC/ locus on chromosome 9q in FCD
IIb.

In gangliogliomas, i.e., glioneuronal tumors of non-TSC
patients, several studies have determined the genomic sta-
tus at 16p13.3 and at 9q34. No LOH at the TSC/ or TSC2
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Fig.3 Immunohistochemical detection of the mismatch repair
proteins MSH2 and MLH1 in FCD IIb. A An FCD IIb that exhibits
the characteristic composition by dysplastic neuronal elements and
balloon cells (hematoxylin-eosin staining). Immunohistochemical
detection of the mismatch repair proteins MSH2 (B) and MLH1
(C) in FCD IIb components. Note that intensive immunolabeling
can be observed in dysplastic neuronal and balloon cell nuclei for
MSH2 and MLHI. A, B x20; C x40



loci had been identified in 10 sporadic gangliogliomas [35].
Other investigators described 4 LOH events in 15 gangli-
ogliomas (WHO grade I) [26], with a higher incidence of
LOH at the TSC2 than TSC/ locus. These results are in
good agreement with previous findings of our group demon-
strating that gangliogliomas exhibit frequent polymorphisms
and a single mutation in the 7SC2 gene [4]. An anaplastic
ganglioglioma was detected in the Eker mutant rat, a
strain known to harbor genetic alterations of the TSC2 gene,
whereas MSI was not observed in Eker rat tumors [18,
24]. Recently, a high incidence of MSI has been reported
in gangliogliomas using the microsatellite markers BAT25
and BAT?26 [2]. Also with respect to MSI, gangliogliomas
appear distinct from FCD IIb. In contrast to the finding in
gangliogliomas, BAT25 and BAT26 microsatellites were
non-informative with respect to LOH, and did not exhibit
MSI in the FCD IIb cohort of the present study (Fig. 1).
Regarding manifest TSC, LOH for alleles at 16p13.3
in brain lesions and at 9q34 in extracerebral manifesta-
tions has been described in lesions from individuals with
TSC [7, 14, 15]. In brain lesions of TSC patients, TSC2 is
more frequently altered than 7SC/ [3, 8, 17]. We did not
observe MSI or LOH in the two TSC patients by the mi-
crosatellite marker set employed in the present study.
Taken together, microsatellite analyses suggest that
FCD IIb with chromosomal instability at the 7SC/ gene
locus is molecularly distinct from brain lesions in mani-
fest TSC patients and from epilepsy-associated glioneu-
ronal tumors. Nevertheless, FCD IIb characterized by a high
incidence of TSC! sequence alterations in concert with
chromosomal instability at 9q, but not other genomic re-
gions, appears to be pathogenetically related to TSC.
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