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Abstract The human gene termed LGI1 (leucine-rich
gene — glioma inactivated) has been isolated recently, and
is supposed to be an additional candidate tumor suppres-
sor gene involved in the formation and progression of
glioblastoma multiforme [Chernova et al. (1998) Onco-
gene 17:2873-2881]. To test this hypothesis and to com-
plete the characterization of the gene, we performed vari-
ous detailed studies on the genomic structure, the mRNA
expression level, the integrity of the cDNA, and retroviral
gene transfer into LGI1-deficient cell lines. Two single
nucleotide polymorphisms in the promotor region and a
highly polymorphic intragenic microsatellite repeat be-
tween exon 4 and 5 were found. Phylogenetic sequence
analysis techniques were applied, which showed func-
tional relationships between LGI1 and TRK and SLIT
protein families that are known to be involved in develop-
ment and maintenance of the nervous system. Fluores-
cence in situ hybridization (FISH) analysis showed LGI1
to be present on 10924 in each of 11 glioma-derived cell
lines evaluated. Sequence analysis of the LGI1 transcript
did not detect any mutation. Relative amounts of LGI1
mRNA copy numbers as measured by the real-time fluo-
rescence detection LightCycler technology differed more
than three orders of magnitude and were significantly re-
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duced in 10 of 11 cell lines. Retroviral gene transfer into
LGl 1-deficient glioma-derived cell lines could not sub-
stantiate any difference to control infected cultures re-
garding growth rate, S phase transition, and maintenance
of marker gene expression. The strong homology to pro-
teins involved in development, differentiation, or mainte-
nance of the nervous system provides evidence for afunc-
tion of the LGI1 protein in neural tissue. The observation
that translocation or deletion of the LGI1 locus or muta-
tion of the coding sequence of the LGI1 mRNA is not a
frequent event in malignant glioma cell lines suggests that
epigenetic factors lead to substantial differences in the
amount of LGI1 mRNA expression. In addition, that the
effect is lacking after retroviral gene transfer in cell cul-
ture suggests that binding of some kind of aligand is es-
sential for its biological activity.

Keywords LGI1 - Glioblastoma - Pathogenesis - Tumor
suppressor - Gene

Introduction

Genetic derivations involving chromosome 10 seem to
play a decisive role in the pathogenesis of glioblastoma
multiforme, which represents the most common primary
intra-axial brain tumor in adulthood [19, 26, 42]. Loss of
heterozygosity (LOH) for PTEN/MMAC1, a well-charac-
terized tumor suppressor gene (TSG) located at 10923,
was found to be present in about 70% of tumor tissues of
malignant gliomas [29]. Mutations of the coding sequence
occur in approximately 30% of glioblastomas but are rare
in lower grade astrocytomas [10], suggesting that loss of
PTEN/MMACIL function is a late event in the pathogene-
sis of gliomas [52]. Furthermore, LOH at the PTEN/
MMAC1 locus seems to be correlated with a poor progno-
sis[41].

LOH of DMBT1, another candidate TSG located at
10025.3-26.1, is frequently found in equal amounts in
both low-grade and high-grade astrocytomas [29, 33].
Therefore, this seems to be an early event in glioma
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pathogenesis. The overall frequency of rearrangements and
deletions found for the entire 10g-ter region in glioblas-
tomas suggests that there are other TSGs in that genomic
region [20, 37].

Other candidate TSGs have been proposed such as
MXI1 [48] and h-neu [34], both located at 10g25.1. In the
case of MXI1, sequence analysis in glioblastoma tissues
has been performed, but no somatic mutations were found,
while induction of the gene's expression in a MXI1-defi-
cient glioma cell line resulted in a decreased growth rate,
suggesting that MXI1 may play arole as a TSG in astro-
cytomas [49].

Recently, another gene termed LGI 1 (leucine-rich gene
— glioma inactivated) was mapped to 10924 between
PTEN/MMAC1 and DMBT1 [5]. The gene was found to
be rearranged or translocated in two glioma cell lines,
leading to a complete absence of LGI1 expression as far
as thisis detectable by conventional reverse transcription
(RT)-PCR. Expression of mRNA was high in different ar-
eas of normal brain, while in low-grade astrocytomas ex-
pression was reduced and almost absent in glioblastomas
when analyzed by Northern blotting and RT-PCR. Local-
ization, rearrangement, and the distinctive expression of
LGI1inlow- and high-grade astrocytomas, and in the nor-
mal brain suggest that this gene represents another candi-
date TSG involved in the malignant progression of glial
tumors [5].

To test the hypothesisthat LGI1 isaTSG, we performed
various studies to complement previous gene characteri-
zation [5, 43]. We analyzed the genomic structure of LGI1
including the intron sequences. Beside sequence compari-
son, the conservation of intron positions within genes or
functional domains is a useful criterion to gain informa-
tion about their relationships. It isincreasingly recognized
that individual intron positions typically show arestricted
phylogenetic distribution [8, 9, 30]. We studied the in-
tegrity of the gene at the chromosomal and mRNA level
to determine inactivation and lowered expression, which
are essential features of a TSG. Common reasons for in-
activation include genomic deletions and/or mutations,
leading to the loss of afunctional protein. However, there
is increasing evidence that other mechanisms like tran-
scriptional inactivation also can contribute to TSG inacti-
vation [14, 39].

Furthermore, the analysis of genetic variants, whether
they affect coding sequences or not, is attracting increas-
ing interest due to their potential use in diagnosis or treat-
ment of diseases. We have analyzed the promotor region
for sequence variants and we have discovered a highly
polymorphic intragenic dinucleotide repeat. Finally, re-
expression of agenein cell culture iswidely used for in-
vestigating whether a gene can change growth, differenti-
ation and cell cycle in vitro, which is a prerequisite for
further in vivo studies.

Material and methods
Cell culture

Cell lines T17, A172, U343, U373, T406, T508, T1115, and Hero
were kindly provided by the laboratory of R. Fischer (German
Cancer Research Center, Heidelberg, Germany). U87-MG cells
were obtained from ATCC (Manassas, Va.). H4 cells were kindly
provided by J. Mollenhauer (German Cancer Research Center) and
HS683 cells by R. Reszka (Max-Delbriick-Center, Berlin, Ger-
many).

Cell lines were maintained in BME supplemented with 2 mM
L-glutamine, 50 mM HEPES, 10% fetal bovine serum (all media
and supplements from Gibco BRL Life Technologies, Karlsruhe,
Germany) in 5% CO, at 37°C. There were no antibiotic supple-
ments used in the media.

Cloning of the LGI1 gene and generation of aLGI1
and PTEN/MMACIL locus-specific hybridization probe

A cDNA clone harboring the entire open reading frame (ORF)
of LGI1 was generated in a PCR reaction using primers GT13s
and GTl1l4a (Table 1) and I.M.A.G.E. cDNA clones
IMAGp998B24161 and IMAGp998015326 [Resource Center/Pri-
mary Database (RZPD) of the German Human Genome Project,
Berlin, Germany] as template. The PCR product was cloned into
the pCR 2.1-TOPO vector (Invitrogen Corp. Carlsbad, Calif.) and
sequenced. The EcoRI excised insert was used by the RZPD as a
hybridization probe to screen human P1 and PAC libraries for

Table1l Primer list. PCR primers used in conventional and Light-
Cycler PCR for cDNA sequence analysis, quantification, and mi-
crosatellite analysis

Primer Sequence (5" —3)

GT1s CATTGCTGGAGCGAGGAGAA
GT2a GAGCTGCAGCGATGCGCGTGA
GT3s CGAACTCCTTTGATGTGATC
GT4a CTTCGCAGTAGATGICTTCA
GT5s GGACCATGTGGACAAGACCT
GT6a CACATCAGTGTCCCTGTACCA
GT7s GTAATTCATTTAATTGTGACTG
GT8a TTTCAATGACTATAGGCTTGC
GT9s TGAATGATGAGTATGTAGTC
GT10a GTAATCACTTCCAAGAATTGC
GT11ls AAGATTGAAAACAACTGGTAC
GT12a ACTTCCCACATCACTGGACTG
GT13s GACAATCACCATCTGAATTC
GTl4a ATTTCTGATGGCAGCCACAG
GT15s TCCTTTGTGAGATCTGGTTTTAC
GT16a CTAAGAACAGGTCACATAGGAG
GT17s CATAGAAAACAACAACATCAAGTC
GT18a AAATACTCTAGATGTGGAAGAC
GT19s AACCAAGCACTACCAGTATCTC
GT20a AAGTGAATTAATGACTTTAGTCC
GT21s GATGAACTCAATGCATGATGAC
GT22a TTTCCACATGGTCCCATTCAAG
GT23s AAACAACAATCTCCAGACACTC
GT24A CATTTGTTAAAGAAT CCAGGCC
GTI7s GCTCTAAGTCTGAACTGCTTCC
GTPAlL CCGCACTTCTGITTCCCTTCC
1AM SS1 TTGTTTCTTCTAGCTCCCTCACC
1AMSA1 GTTTGGCAGGATTATTGAGAGG




L Gl1-specific genomic DNA [library no.: 700, 704 (RPCI1, 3-5,
Roswell Park Cancer Institute, Buffalo, N.Y.), respectively; RZPD].
This hybridization revealed 15 clones, which were rescreened by
PCR amplifications (primer sequences listed in Table 1). Clones
RPCIP704M101099Q2 and RPCIP704C07989Q2, containing the
entire coding region of LGI1, were used as hybridization probes
for fluorescence in situ hybridization (FISH).

In asimilar procedure, a PTEN/MMACL locus-specific hybrid-
ization probe was generated. A genomic fragment of the PTEN/
MMACL locus spanning exons 4 to 5 was amplified from human
genomic DNA by PCR utilizing primers pteds (5 -tgtgctgagaga-
cattatgac-3") and pteba (5 -ttgtctctggtecttacttc-37). Cloning and
screening of the human PAC library was performed as mentioned
above. Clone RPCIP704D02401Q2 contained the entire ORF and
was used as a hybridization probe for FISH.

Determination of the physical structure of the gene

Fragments of clone ICRFP700M0924Q5 generated by partial re-
striction enzyme digestion were cloned into pBluescript KS+
(Stratagene, La Jolla, Calif.) and subjected to sequence analysis
utilizing T7 or reverse primers. Additionally, fragments of the
gene were amplified by PCR in the presence of 100 ng
ICRFP700M0924Q5 (PCR conditions on request). Sequence de-
termination was carried out either from subcloned DNA with M13
or T7 primers, from PCR products or directly from clone
ICRFP700M0924Q5 using Cy5-labeled primers and Thermo Se-
quenase Fluorescent Labeled Primer Cycle Sequencing Kit with
7-deaza-dGTP (Amersham Pharmacia, Braunschweig, Germany).
Sequencing reactions were resolved on denaturing 6.5% Long
Ranger gels (FMC Bioproducts, Rockland, Me.) using an auto-
mated laser fluorescence sequencer (ALFexpress, Amersham
Pharmacia Biotech). Runs were analyzed using ALF Evaluation
software. Contigs were build using the Fragment Assembly Sys-
tem of the GCG package.

Database sequences and computational methods

Database searches were carried out by implementations of the
BLAST algorithm [1]. Sequence data of clones RP3-48509 (ac-
cession no. AL136447) and RP4-579A14 (accession no.
AL 136314) were produced by the human chromosome 6 sequencing
group at the Sanger Center. Sequence data of clones RP11-12E5
(accession no. AC013310), 10 P_19 (accession no. AC012142)
and RP11-397D2 (accession no. AC021468) were produced by the
Whitehead Institute/MIT Center for Genome Research. Sequence
data of clone RP11-332D24 (accession no. AC021118) were pro-
duced by the Washington University Genome Sequencing Center.
Sequence data of clones CTC-229B20 (accession no. AC027311),
CTC-279L 15 (accession no. AC008409), CTC-392L 24 (accession
no. AC008479) and CIT-HSPC_55802 (accession no. AC011365)
were produced by the Joint Genome Institute. Multiple sequence
alignments were calculated using Pileup [12] with gap weight 8,
gap length weight 2 and end gaps penalized like other gaps. Pro-
tein distance matrix analysis was performed using the Phyloge-
netic Interference Package, PHYLIP, Version 3.57c [11]. One
hundred bootstrap replications were carried out via the program
SEQBOOT. Distance matrices were calculated by PROTDIST in
conjunction with Dayhoff's PAMO01 matrix. Trees were build
according to the UPGMA method of clustering by NEIGHBOR
and the consensus tree was created by the M| method using
CONSENSE.

Cytogenetic analysis and FISH

FISH analysis was performed in each cell line using either WCP
chromosome paint DNA FISH probes |abeled with SpectrumGreen
dUTP, or a centromere-specific probe for chromosome 10 (CEP10)
alone, or together with the SpectrumRed dUTP (al Vysis GmbH,
Bergisch-Gladbach, Germany) labeled LGI1 locus-specific probe.
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Furthermore, LGI1 probes were used together with Spectrum-
Green dUTP (Vysis)-labeled PTEN/MMACL1 probes.

For labeling of LGI1 and PTEN/MMACL probes, approximately
1 pg extracted PAC-DNA was subjected to nick translation in the
presence of SpectrumRed dUTP and SpectrumGreen dUTP, re-
spectively, according to the manufacturer’s instructions (Nick
trandation Kit, Vysis). Probes were precipitated in the presence of
COT-1 DNA (Vysis) and placental DNA (Sigma, Deisenhofen,
Germany). Preparations of 1x107 cells were harvested and prepared
for metaphase-FISH according to the manufacturer’s protocol
(Vysis). Cells were exposed to colcemid; thus metaphase chromo-
some spreads were hybridized according to standard protocols [35].

RT-PCR, sequencing, and analysis of microsatellite repeats

For mRNA extraction, cells were harvested by trypsination and
washed once in cold PBS. The cells were used immediately for the
extraction procedure according to QuickPrep Micro mRNA Purifi-
cation Kit (Amersham Pharmacia Biotech UK, Buckinghamshire,
UK). Random hexamer-primed RT was performed using the First-
Strand cDNA Synthesis Kit (Amersham Pharmacia Biotech) with
an equal amount of mMRNA from all cell lines. For amplifying
cDNA, 14 primers were used, which are listed in Table 1. For pos-
itive control, a 3-actin primer pair (5 -cctcgcectttgccgatce-3°, sense;
5’-ggatcttcatgaggtagtcagtc-3°, antisense) was used that does not
co-amplify processed pseudogenes [36]. PCR conditions will be
supplied on request. Each run was performed at least in triplicate.
Products were resolved on 2% agarose gels and pictured by Eagle-
Eye systems (Stratagene). PCR products were quantified from dig-
italized images by the use of ImageQuant software (Molecular Dy-
namics, Sevenoaks, UK).

Sequencing of amplified cDNA fragments was performed as
mentioned above (Determination of the physical structure of the
gene). Microsatellite analysis was performed by multiplex amplifi-
cation of the microsatellite repeat using 3 pmol of primers 14M SS1
and 14MSA1 together with two products of constant length by
primers GT11s and GT10a (exon 8, 474 bp, 3 pmol each) and
primers GT7s and GT4a (exon 6, 90 bp, 5 pmol each). PCR prod-
ucts were resolved by electrophoresis on denaturing 6.5% Long
Ranger gels as used for sequencing.

Quantification using LightCycler technology

To achieve a relative quantification of LGI1 expression, the re-
cently developed LightCycler instrument (Roche Molecular Bio-
chemicals, Mannheim, Germany) was used. cDNA of al cell lines
was amplified by primers GT1ls and GT2a (Table 1), and the
[B-actin primers, respectively. For online detection of specific am-
plification products, two labeled hybridization probes were in-
cluded for LGI1 and [-actin, respectively (6-carboxy-fluorescein
phosphoramidite-labeled L GI 1FL 5"-cccatccttttgettctttctgattcca-37,
or actinFL 5"-ggtatgccctcceccatgee-3°, and 5-carboxy-tetramethyl
rhodamine-labeled LGI1LC 5 -cagtcgagaaaatatccccaaccatg-3°, or
actinLC 5’-tcctgegtctggacctggetg-3'; TIB Molbiol, Berlin, Ger-
many).

The reaction mix consisted of 2 ul of cDNA as template,
0.5 uM of GT1sand GT1laprimers (Table 1), 0.2 and 0.4 uM, re-
spectively, of each hybridization probe, 4 mM MgCl,, and 1x
LightCycler-DNA Master Hybridization Probes (Roche Diagnos-
tics, Mannheim, Germany), in a final volume of 20 ul. The fol-
lowing PCR conditions were used: denaturation for 30 s at 94°C,
followed by 45 cycles with denaturation for 5 s at 94°C, annealing
for 10 s at 66°C and elongation for 20 s at 72°C. Within each ex-
periment a dilution series of LGI1 and (-actin PCR products was
processed as standard. Verification of the correct amplification
products was achieved by checking the referring melting curve
peaks [38]. Quantitative results were assessed by determination of
the cycle threshold value (Ct) as described previously [25]. Rela-
tive mRNA levelsfor LGI1 and S-actin were calculated in relation
to the standard dilution series, and LGI1 expression levels were
normalized for B-actin values.
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Retroviral gene transfer and phenotypical analysis
of glioma-derived cell lines

Cell lines U87-MG, U343, T1115, and H4 were used out of our
group of 11 glioma-derived cell lines. LGI1 cDNA sequence was
cloned into the retroviral vector pCFG5-IEGZ (D. Lindemann, A.
Rethwilm, unpublished) using the unique EcoR site, thereby gen-
erating an expression cassette containing the LGI1 ORF followed
by an internal ribosome entry site (IRES) and the ORF of an en-
hanced green fluorescent protein (eGFP)-zeocin resistance fusion
gene. Amphotrophic retrovira particles were generated by tran-
sient transfection of 293 transformed embryonal kidney cells and
infections were carried out according to the spin-infection protocol
[4] with minor modifications. In brief, viral supernatant supple-
mented with 4 pg/ml protaminsulfate was added to cells seeded in
24-well plates, and plates were centrifuged for 90 min (1,000 g,
32°C). After additiona 2.5-h incubation time, medium was
changed. Gene transfer efficiency was monitored 48 h later by
flow cytometric detection of eGFP expression. Cell cycle analysis
was performed by flow cytometric analysis of propidium iodide-
stained cells according to standard procedures. Growth of trans-
duced cultures was monitored by using Alamar Blue Assay
(Biosource, Camarillo, Calif.) according to manufacturer’ sinstruc-
tions. Migration was measured by an in vitro wound healing assay
[45, 46].

WI-16274

Fig.1 Schematic view of the LGI1 gene. The gene is composed of
eight exons (1-8), as aso reported by Somerville et al. [43]. The
start and the end of the coding sequence is marked by ATG and
TGA, respectively. The position of the sequence tagged site
WI-16274 is marked

Results
Analysis of the human LGI1 gene

A schematic view of the LGI1 geneis presented in Fig. 1,
and a summary of the gene structure is given in Tables 2,
3. The LGI1 gene is composed of eight exons. Exon 1
contains the methionine initiation codon and the N-termi-
nal cysteine-rich cluster. Exons 2-5 encode the leucine-
rich repeats (LRRs). The C-terminal flanking cysteine-
rich sequence is encoded in exon 6. The predicted trans-
membrane and cytoplasmic domains of the protein are
covered by exon 8. These results are in concordance with
findings by Somerville et a. [43]. Intron sizes are highly
divergent and range from 95 bp to more than 10 kb. All
splice donor and splice acceptor sites comply with the
GT-AG rule. We identified the sequence tagged site
WI-16274 as an intragenic marker. The site is located
1.2 kb downstream of exon 4.

Conserved intron positions in the LRR domain

Determination of the physical structure of the LGI1 gene
revealed that each LRR was interrupted at the fifth amino
acid by an intron of variable length. This conserved intron
position within the LRRs raised the question, whether this
finding is mere a feature of the LGI1 gene or common to
related proteins. Although BLAST searches revealed nu-
merous high-scoring hits for LRR sequences, many fewer
genes extended the homologous regions to either the
N-terminal or the C-terminal flank. Only two protein fam-
ilies, the TRK family of neurotrophin receptors and genes
homol ogous to Drosophila dlit, were identified exhibiting
homologies within the LRRs and in both flanks. These

Table2 Summary of the

LGI1 gene intron structure Intron  splice donor splice acceptor
1 CTCATT gt aaggcccgt aagc tttgttttctttcag ATCCTT
2 GCTCTT gt gagaaat attt at actttttctgggcag GITATT
3 GTATTT gt aagt aaaaaagct tataacttattgcag ATTCAT
4 TCACTT gt aagt at gaat gt t tttttttttttccag GAGCCT
5 AAATGT gt aagaggacct aag aagtttgtctttcag GGACCT
6 TTACAG gt aat gt act cat ca ttcctatttttgcag AATTTG
7 TTACAG gt at gaaaagcct aa tttgtcttttcccag GCACAT
Table 3 Summary of the
LGI1 gene exon st%ucture Exon Exon Intron
no. size
Location Size Splice donor Splice acceptor Amino acid
1 439 439/440 401 bp ATT gt aag ttcag ATC Leu
2 72 511/512 10 kb CTT gt gag ggcag GIT Leu
3 72 583/584 95 bp TTT gt aag tgcag ATT Leu
4 72 655/656 10 kb CTT gt aag tccag GAG Leu
5 72 7271728 2.4 kb TGT gt aag ttcag CGA va
6 170 897/898 273 bp CAG gt aat tgcag AAT Glu
7 165 1,062/1,063 3,617 bp CAG gtatg cccag GCA Gly
8 1,192
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The N-termina cluster matches the previously de-
scribed consensus (CX;CXCXgC, where X denotes any
amino acid) [3, 24] in all of these proteins with exception
of TRKA (CX3CCXgC). The C-termina cysteine-rich
cluster of LGI1 perfectly matches the known consensus

sequence (CXCX,0CX5C) [3, 24]. The most extensive
difference is found in the N-terminal group of LRRs of
the h-SLIT family, where only the first and last cysteine of

the C-flank is present (CX4;,C). The other three groups of
LRRs within the h-SLIT proteins are highly homologous

to the C-flank of LGI1, perfectly matching the consensus
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Fig.3 Phylogenetic tree of LGI1 and members of the TRK and
h-SLIT protein family showing a closer phylogenetic relationship
of LGI1 with h-SLIT proteins than with TRK proteins. The num-
ber of bootstrap replication supporting the note is indicated

CXCX,CX,C. The C-flanking cysteine rich cluster of
the TRK family follows this consensus with minor numeri-
cal aberrations (TRKA: CXCX,,CX45C; TRKB, TRKC:
CXCX5,CX470).

The genomic organization of TRKA (accession nos.
AB019481-AB019488) and TRKC (Genebank accession
nos. AJ224521-AJ224535) have been identified previ-
ously [17]. Exon-intron boundaries of h-SLIT2 and h-SLIT3
were determined by aligning the cDNA sequences [18]
versusthe working draft sequences of human genomic clones.
The h-SLIT2 cDNA produced alignments with clones
RP11-332D24, RP11-12E5, RP3-48509, RP4-579A14
and 10 P 19. Alignments with the h-SLIT3 cDNA were
obtained with clones CTC-229B20, RP11-397D2,
CTC-279L15, CTC-392L 24 and CIT-HSPC_55802. These
alignments covered the magjority of the genes and allowed
us to identify the mgjority of intron positions within the
h-SLIT2 and h-SLIT3 genes. For h-SLIT1 and TRKB, in-
sufficient genomic sequence was available to include
these genes into analysis.

Intron positions within these genes are compared on
account of a multiple alignment of the homologous pro-
tein domains (Fig.2). In both analyzed members of the
TRK family and in the eight groups of LRRs of h-SLIT2
and h-SLIT3, the prevalent intron position is amino acid
five of the individual repeat as seen in LGI1. All repesats
of the TRK family demonstrate this pattern, whereas in
the h-SLIT family some derivations were noted; four
deviations were recognized in h-SLIT3 and three in
h-SLIT2. The intron interrupting the first (A) of a group
of four repeats formed by amino acids 725-863 of
h-SLIT3 islocated within codon 6. Within the third repeat
(C) of agroup of five formed by amino acids 505669 of
h-SLIT3, the intron is missing. The majority of deviations
affects the last repeat (E). In two cases (h-SLIT3, 280—
443; h-SLIT2, 506-670) the intron is missing. Further-
more, in h-SLIT2 (273-436) the intron interrupts codon 4

and in h-SLI1T3 (506-669) codon 15 of the repeat. Thein-
tron generaly located at a conserved position in the
C-flank is missing in one group of LRRs h-SLIT2 (273—
436). Concisely, 48 introns appear in homologous posi-
tionsin the LRR domains of LGI1, the related domains of
the TRK family of neurotrophin receptors and human
SLIT genes. Only at 7 positions introns are either absent
or located at divergent positions.

The observation of substantial homologies of the LRR
domainsis further substantiated by a comparison of LRR
domain sequences using the methods of phylogenetic esti-
mation. The multiple alignment on LRRs was used to
build a phylogenetic tree (Fig.3). Homologous domains
of the different h-SLIT proteins always group together, in-
dicating that they may have originated from a single an-
cestor by an early gene amplification event. Furthermore,
the tree shows that LRRs of LGI1 groups together with
LRRs of h-SLIT proteins. The LRR domains of TRKA
and TRKC show a greater evolutionary distance to LGI 1.
This observation further strengthens our observation of a
close relationship between LGI1 and other proteins in-
volved in development, differentiation, or maintenance of
the nervous system.

Cytogenetics and FISH analysis

Eleven glioma-derived cell lines were investigated in this
study. To confirm whether chromosome 10 is present and
whether there might be structural abnormalities involving
chromosome 10, FISH was performed with a probe spe-
cific for the entire chromosome 10 (WCP10). An average
of 10 mitoses was evaluated, and only distinctly painted
chromosomes were counted as positive. All cell lines har-
bored at |east one entire chromosome 10. However, the to-
tal number of chromosome 10 copies in 5 out of the
11 cell lines, verified by hybridization with a centromer-
10-specific probe (CEP10) in interphase nuclei, was lower
than the referring ploidy determined in metaphase spreads.

To analyze whether the LGI 1 locus is retained on chro-
mosome 10 or is a target for deletion or translocation,
FISH analysis with a locus-specific probe for LGI1 was
performed. To ensure the association of the LGI1 signd
with the 10g24 region, either the WCP10 or CEP10
probes, or a probe specific for the PTEN/MMACL locus
was included in the hybridization reaction. Positive sig-
nals for the LGI1 locus at the 10924 region were detected
inall cell lines (Fig.4A). Positive spots for LGI1 loci cor-
responded with the total number of chromosomes 10, as
marked by the CEP10 probe. Furthermore, LGI1 hybrid-
ization signals were only detected on chromosome 10 and
never found to be translocated to any other chromosome,
as shown by simultaneous hybridization with the CEP10
and WCP10 probes (Fig.4B). Cell lines T508 and H4,
known to have the PTEN/MMACL locus deleted (data not
shown), presented a positive LGI1 signal at 10q, whereas
LGI1 waslocated telomeric to the PTEN/MMAC1 locusin
al other cell lines studied, suggesting that LGI1 is not a
frequent target for translocations or deletions.



Fig.4 FISH analysis of cell
line H4 (A), and T406 (B),
using different hybridization
probes. A Cell line H4, hy-
bridized with the WCP10
probe together with the LGI1
locus-specific probe shows a
translocation of parts of chro-
mosome 10 to a C-type chro-
mosome (arrow) as well ade-
rivative chromosome 10 with
loss of 10p (arrowhead). The
LGI1 locusis marked by two
red spots on each chromosome
10. B Hybridization of the cen-
tromer-specific probe for chro-
mosome 10 (CEP10) (green)
together with the LGI1 probe
(red) revealed the retaining of
the LGI 1 locus on both chro-
mosomes 10 in cell line T406
(FIH fluorescence in situ hy-
bridization)

Sequencing of LGI1 transcript and analysis
of genetic variants within the LGI1 gene

To investigate whether the LGI1 transcript harbors muta-
tions, we used the direct sequencing technique of ampli-
fied RT-PCR products. We obtained a positive signal after
MRNA isolation, reverse transcription, PCR amplification
and gel electrophoresisin ten of our cell lines, while one
cell line (H4) did not express any detectable mRNA
by this method. The entire ORF of all cell lines was ana-
lyzed in various primer combinations and was found to be
free of mutations in al ten LGI1-expressing cell lines.
These results indicate that the LGI1 locus seems to be
transcribed into an intact MRNA in most cases.

To analyze the promotor region of the LGI1 gene, a
DNA fragment was amplified using primers GTPAL and
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GT16a. The PCR product was sequenced and covered at
least 111 bp of exon 1 and 531 bp of the promotor region.
Within this sequence two different single nucleotide poly-
morphisms (SNP) were identified. At position —500, count-
ing the first nucleotide preceding the published cDNA se-
quence [5] as—1, adenine instead of guanine was detected.
Among 11 glioblastoma cell lines this polymorphism only
occurred in cell line H4. This cell line, known to harbor
3 copies of chromosome 10, exhibits the polymorphism ho-
mozygous. Within 20 healthy individuals the polymorphic
variant occurred once homozygously and once heterozy-
gously, but it was not apparent in the germ line of 22 glio-
blastoma patients. A second polymorphism, cytosine in-
stead of guanine at position —197, was heterozygously
identified in 1 of the 20 healthy individuals, but not in the
22 analyzed glioblastoma patients or in glioma cell lines.
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Sequence analysis of the LGI1 gene has revealed a 64-bp
region exhibiting characteristics of a microsatellite repeat
located 0.8 kb downstream of exon 4. This region is to
84% composed of the dinucleotide TG and the largest un-
interrupted repeat present in clone |ICRFP700M0924Q5
consists of 13 TG repeats. PCR analysis of this repeat un-
veiled a heterozygosity rate of 70% in 20 healthy individ-
uals. In the germ line of 22 glioblastoma patients we de-
tected a heterozygosity rate of 68%. Although it is known
that except T17 cells all 11 analyzed glioma-derived cell
lines contain more than one copy of chromosome 10 and
that the LGI1 locus is present on every chromosome 10,
al cell lines are homozygous for the analyzed microsatel -
lite repeat. The size of the PCR product was 215 bp for
clone ICRFP700M0924Q5. Mean size from healthy indi-
viduals was 209.5 bp and 210.7 bp from glioblastoma pa-
tients.

Quantification using conventional RT-PCR
and measurement of band intensities

Asit was evident from initial experimentsthat LGI1 isex-
pressed in 10 out of 11 cell lines, albeit mostly at very low
levels, we made an attempt to gain quantitative insights
into LGI1 expression. RT-PCR analysis and subsequent
densitometric quantification of LGI1 and -actin products
were used to evaluate relative expression levels. Increas-
ing numbers of PCR cycles revealed that after 28 cycles
PCR product could faintly be detected in only one cell
line (Hero) as determined by gel electrophoresis. After
36 cycles there was a band seen for 6 cell lines (T17,
U87-MG, T508, T1115, U373, and Hero) as shown in
Fig.5. Only after 42 cycles was there a detectable positive
band for al cell lines except for H4, but with agreat vari-
ation in band intensity and nonspecific co-amplificationin
some cell lines. Amplification of (-actin with 20 cycles
revedled a homogenous positive band in al cell lines
(Fig.5). Densitometric analysis of ethidium bromide fluo-
rescence images was used to quantify PCR products. Min-
imal expression was found in cell lines A172, U343,
T406, and HS683, and a maximum in cell line Hero
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Fig.5 PCR products of 11 glioma-derived cell lines after amplifi-
cation with 20 and 36 cycles, respectively, of conventional PCR
using B-actin (A) and LGI1 (B) primers [GT1s (sense) and GT2a
(antisense)]. Shown are 2% agarose gels after ethidium bromide

staining (M 1-kb DNA ladder, H20 negative control using water
as template)

Table 4 Quantification of LGI1 mRNA expression by measure-
ment of band intensities and after LightCycler amplification. Rela-
tive amounts of mRNA expression of all cell lines either deter-
mined by measurement of band intensity by ImageQuant software
or by calculation of the corrected LGI1 concentration in relation to
B-actin concentration after LightCycler amplification. Relative
amount of T17 was fixed at that value and used as point of refer-
ence. Values of <0.01 after LightCycler amplification and <0.1 &f -
ter measurement of band intensities were considered to be negligi-
ble, because of false-positive background measurements in the lat-
ter case. The ImageQuant value for Hero is put in parentheses as
the measurement is likely to be in the saturation of the PCR, as
outlined in the text

Cdll line ImageQuant LightCycler
LGl 1/actin LGl 1/actin
rel. amount rel. amount

T17 1.0 1.0

us7-MG 0.93 0.97

Al172 <0.1 <0.01

U343 <0.1 <0.01

T406 <0.1 <0.01

T508 0.99 0.26

HS683 <0.1 <0.01

T111 1.15 0.31

U373 0.26 0.06

Hero (4.42) 588.67

H4 <0.01 <0.01

(Table 4). Cell line H4 expressed no detectable amounts
of LGI1-mRNA. Exact quantification of relative expres-
sion levels was hampered by two intrinsic drawbacks of
the method. The large differences of expression levels and
the requirement for high cycle numbers in some samples
may have led to an underestimation or overestimation of
MRNA levelsin individual cases.

Quantification using the LightCycler technology

To circumvent the drawbacks of endpoint detection by
conventional PCR technology, we utilized the online de-
tection capabilities of the LightCycler technology for
more accurate quantification.

For the assessment of LGI1 expression levels cDNA
obtained from glioma-derived cell lines was amplified in
the presence of specific hybridization probes utilizing the
LightCycler. To normalize for sample variations B-actin
expression was analyzed in parallel. Results were as-
sessed by determination of the Ct, which marks the cycle
count when fluorescence emission of a given sample be-
comes significantly different from the baseline signal, and
by calculation of the resulting relative concentrations in
relation to a standard dilution series. Ct for LGI1 ranged
between 25 and 45 cycles. Relative LGI1 concentrations
were normalized for B-actin signal. The resulting relative
concentrations for cell line Hero was 1,000 times higher
than that for the average of T17, U87-MG, U373, T508,
and T1115. Cell lines A172, U343, T406, HS683, and H4
revealed even lower concentrations, almost in the range of
the negative control (Table 4). Verification of amplifying



a specific product was achieved by checking the referring
melting curves, showing a peak value around 67.5°C.

Retroviral gene transfer into glioma-derived cell lines

We have cloned the LGI1 ORF into the retroviral expres-
sion vector pCFG5-IEGZ. As marker gene we chose
eGFP, whose expression was coupled to the expression of
LGI1 viaan IRES. Coupling of marker and gene of inter-
est allowed the fast and efficient identification and isole-
tion of transduced cells by flow cytometry on the basis of
green fluorescence. As controls, vectors carrying only the
IRES-eGFP or an antisense oriented LGI 1 gene upstream
of the marker gene were constructed. Gene transfer was
carried out into glioblastoma cell lines T1115 and
UB7MG expressing low levels of endogenous LGI1 as
well as into U343 and H4 expressing barely detectable
levels of LGI1. Gene transfer efficiencies, as judged by
eGFP fluorescence, ranged between 56% and 90% for the
vector harboring solely the reporter gene, and between
30% and 79% for the LGI1-IRES-eGFP vector. The vec-
tor containing the antisense-oriented LGI1 gene was less
efficient with transduction rated between 11% and 58%.
We have compared growth rates of cultures after LGI1
gene transfer to control infected cultures and could not
substantiate changes in the growth rate. Cell cycle analy-
sis by propidium iodide staining and flow cytometric
analysis revealed no significant deviations in the fraction
of cells undergoing S phase transition. In correspondence
with these results we observed no deviations in the frac-
tion of eGFP-expressing cells in each infected population
over extended culture times. In addition, a migration as-
say revealed no differences between wild-type and in-
fected cells.

Discussion

Breakpoint analysis of the t(10;19)(g24;913) rearrange-
ment in the human glioma cell line T98G has recently led
to the isolation of a novel gene called LGI1, which has
been located to 10924 [5].

Analysis of mRNA expression in cell lines as well as
in normal and tumor tissues revealed that LGI1 is pre-
dominantly expressed in normal brain tissue, but is down-
regulated in low-grade astrocytomas and almost absent in
malignant gliomas. From the localization of the LGI1
gene and its distinctive expression in normal tissue and
low- and high-grade astrocytomas, respectively, LGI1 has
been proposed to be an additional candidate TSG in-
volved in pathogenesis of astrocytomas.

Here we have performed further characterization of the
genes physical and functional properties and provide evi-
dence that LGI1 (1) is important in the development and
maintenance of neural tissue due to its phylogenetic rela-
tionships, (2) exhibits low levels of MRNA in glioma-de-
rived cell lines but is not atarget for mutations, and (3) re-
expression of the gene in vitro renders no effect.
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The encoded polypeptide of the LGI1 gene contains a
hydrophobic signal peptide and a single putative trans-
membrane segment and is, therefore, predicted to be a
membrane protein [5]. The extracellular domain is virtu-
aly exclusively composed of LRRs and cysteine-rich
flanking sequences and is related to many other L RR-con-
taining proteins [5], with the closest relationship to the
neurotrophin receptors of the TRK family and proteins of
the SLIT family. The intracellular domain does not show
significant homologies with any other known protein do-
main.

A comparison of intron positions within the most
closely related genes revealed a striking degree of conser-
vation. In the majority of individual repeats accessible to
analysis, the tetracosapeptide is interrupted by an intron
within the highly conserved leucine at position five; 48 in-
trons are located at this conservative position. Only within
7 repeats is the intron either absent or located at a differ-
ent position. Four of these deviations are located within
the last repeat of a group, which is in accordance with
findings in the mgjority of LRR-containing proteins [3].
This high degree of structural conservation isindicative of
a relationship, which has been shown previously in the
analysis of small LRR proteoglycans [6].

Phylogenetic techniques are based on the quantifica-
tion of seguence divergence, and distances in phyloge-
netic trees are related to the amount of sequence devia-
tions[11]. Comparable strategies can be applied to predict
the functions of newly identified proteins based on se-
guence similarities to proteins with known functions [31].
Distance matrix analysis of the LRR domains of LGI1 and
members of the TRK and SLIT families uncovers a con-
spicuous degree of relationship. LGI1 is more closely
grouped to the SLIT proteins than are members of the
TRK and SLIT families. Thisindicates not only ahigh de-
gree of sequence similarity, but, moreover, provides evi-
dence for functional relationships.

The TRK family members are receptors for neu-
rotrophic factors and their function is essential for devel-
opment survival of neuronal cells [16]. Drosophila dlit is
a secreted protein essentia for the development of central
nervous system midline glia and commissural axon path-
ways [40]. The three identified mammalian homologues
SLIT1, SLIT2 and SLIT3 are expressed in the brain,
spinal chord and thyroid, respectively, and they are sup-
posed to fulfill essential roles in development and mainte-
nance of the nervous system [18]. The human SLIT2 pro-
tein is a functional ligand of Glypican-1, the magjor he-
paran sulfate proteoglycan of nervous tissue, and there-
fore is suggested to be critical for certain stages of central
nervous system histogenesis [28]. The striking degree of
homology between the LRR domains of LGI1, neuro-
trophin receptors of the TRK family and the human ho-
mologues of the Drosophila dlit protein suggest that also
LGI1 is involved in development and/or maintenance of
the nervous system.

Gene transfer into glioma cell lines expressing only
minute amounts of endogenous LGI1 did not influence
proliferation or cell cycle distribution of transduced cells.
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This indicates that this protein is not an autonomous reg-
ulator of cellular functions. The predicted structure as
transmembrane protein with an extracellular domain com-
posed almost entirely of a protein-protein interaction mo-
tif suggests that binding to some kind of ligand is essen-
tial for its biological activity. One of the most important
tasks in understanding LGI 1 function will be the identifi-
cation of interacting partners.

LGI1 is thought to be a TSG mainly for two reasons:
first, it is encoded on 10924, aregion known to frequently
exhibit LOH in malignant gliomas, and it is rearranged by
atranslocation in cell line T98G; and second, its MRNA is
rarely detectable in advanced astrocytomas.

Knowing from FISH analysis that all of our cell lines
used in this study harbor at least one copy of chromosome
10, we wanted to investigate whether the 10924, and es-
pecialy the LGI1 locus, is a target for chromosomal
breakpoints or deletions. To determine the presence of the
chromosomal locus of the LGI1 gene, alocus-specific hy-
bridization probe was used in FISH analysis. All cell lines
harbored the LGI1 locus at 10g24. Translocations of parts
of chromosome 10 were detected in two of our cell lines
(T406 and H4, data not shown), but LGI1 was not in-
volved in these derivations, suggesting that this locus
might not be a frequent breakpoint. FISH analysis of the
LGI1 locus together with the PTEN/MMAC1 locus, which
is a well-characterized TSG in gliomas and is frequently
deleted in high-grade astrocytomas [13, 27, 44], supports
these observations.

Assuming that the genomic region is retained, it isrea-
sonable to investigate whether the gene transcript is intact
and whether the gene is expressed. We were able to am-
plify cDNA in ten cell lines, although, with the exception
of the cell line Hero, LGI1 seems to be expressed at very
low levels. We did not find any mutation in the entire
ORF in any of the ten cell lines.

Chernovaet al. [5] reported that cell line A172 harbors
a rearrangement affecting the LGI1 locus. They detected
no LGI1 expression in this cell line. With our methods we
are not able either to prove or to exclude their interpreta-
tion of a possible inversion of the gene. However, using
similar conditions in conventional RT-PCR amplification
and gel electrophoresis, we were able to confirm the ob-
servation by Chernova et al. [5] and could not detect any
PCR product for cell line A172 after 36 cycles (Fig.5).
However, we were able to detect a minimal amount of
MRNA expression in A172 and an additional four cell
lines after more than 40 PCR cycles. The minimally pre-
served expression suggests that at least one of the aleles
has remained sufficiently intact to generate a transcript
encoding the entire protein. This, in turn, might be due to
the possibility that not al of the four copies of chromo-
some 10 are affected by a rearrangement, as has been ob-
served by Chernovaet al. [5], or there might be epigenetic
mechanisms leading to a differential expression of the
gene.

To achieve an estimation of the relative amount of the
LGI1 transcript, we started to measure band intensity by
ImageQuant software. During the course of our experi-

ments we noticed that accurate quantification was ham-
pered by drawbacks of the method. Conventional end-
point analysis of DNA amplification is limited for quan-
tification since the reaction is first exponential and finally
stagnant. This precludes simultaneous analysis of samples
comprising a wide range of gene expression. Therefore,
high expression of LGI1 in Hero is significantly underes-
timated with this technical approach. Conversely, very
weak or no LGI1 expression in certain cell lines may be
overestimated.

A more accurate quantification can be achieved by on-
line fluorescence monitoring each PCR cycle, e.g., by the
recently introduced LightCycler technology [50, 51]. Am-
plification of LGI1-cDNA in the LightCycler using hy-
bridization probes located around the start codon of the
ORF resulted in different threshold cycles with arange of
20 cycles over al cell lines. We were able to reproduce
these results in quintuplicate, even under varied condi-
tions (data not shown).

Relative LGI 1 concentrations after adjustment to S-actin
concentrations revealed extremely low copy numbers in
five cell lines, which is in agreement with our findings
with conventional PCR, where a product was seen only
after very high cycle numbers (>40) in four cases and not
detectable by that method in one case. Another five cell
lines also revealed low but clearly detectable copy num-
bers with a mean of 0.52 (range 0.06—1.0), while one cell
line, Hero, revealed a relatively high expression, which
was almost three orders of magnitude higher. Particularly
inthelines A172, U343, T406, HS683, and H4, where the
Ct value is difficult to determine because of low copy
numbers, the limits of the detection system may be
reached. Analysis of melting curves confirmed the speci-
ficity of the quantified signalsin all cell lines. Neverthe-
less, theresulting LGI1 levelsin relation to B-actin are al -
most negligible. Our findings support the observation that
adiminished level of LGI1 mRNA isacommon featurein
late-stage astrocytomas. However, there are large varia-
tions in the amount of MRNA expression.

Knudson [21, 22, 23] proposed a mechanism for inac-
tivation of TSG that was popularized as “two-hit hypoth-
esis’. LGI1 does not seem to be a common target for the
two-hit inactivation of wild-type aleles. Assuming that
LGIl1lisacandidate TSG, our data supports the concept of
cancer formation by reduction of TSG dosage.

However, we cannot formally rule out the possibility
that mutations leading to decreased mRNA stability es-
caped our detection system. However, regardless of the
underlying genetic and epigenetic mechanisms, this does
not interfere the interpretation that LGI1 may be a candi-
date TSG, because the behavior of the cell may not be in-
fluenced by the means of inactivation of a suppressor
gene, but by an insufficient dosage of the wild-type pro-
tein.

The relevance of a sufficient amount of gene dosage was
recently demonstrated by two reports. PTEN/MMAC1+/-
mice devel oped thyroid and colon carcinomas in the pres-
ence of a remaining normal PTEN/MMACL1 allele [7],
and, the reduction of p53 levels was shown to be suffi-



cient to promote tumorigenesis in p53+/- mice. Fifty per-
cent of the tumors derived from these mice were found to
harbor an intact and functional p53 alele [47]. p53 and
PTEN/MMAC1 are known to be involved in glioma
pathogenesis. Whether a reduced gene dosage also con-
tributes to astrocytoma development still needs to be in-
vestigated.

With our findings that LGI1 is present on every 10924
in each cell line and that there is an intact transcript, if
there is any measurable transcription at al, we provide
evidence that LGI1 belongs to an emerging group of
genes like ZAC [2], p16 [32] or VHL [15], which are dif-
ferentially inactivated.

In conclusion, we have shown that the LGI1 protein
has close phylogenetic relationships to the SLIT and TRK
protein family providing evidence for a function of the
LGI1 protein in neura tissue. The genomic structure char-
acterizes LGI1 as transmembrane protein. This, and the
observation that overexpression of the gene in vitro does
not show any effect suggest that binding of some kind of
aligand is essential for its biological activity.

The LGI1 gene locus is present at the chromosomal
level in our glioma-derived cell lines, and neither deleted
nor translocated, which are events otherwise contributing
to the inactivation of many TSGs. There were no muta-
tions found in the gene transcripts, but MRNA levels were
severely reduced in 10 out of 11 cell lines, suggesting that
factors regulating the transcription of the gene are of piv-
otal importance for the inactivation of the gene during tu-
morigenesis.
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