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Progressive epilepsy with mental retardation (EPMR) is an autosomal recessive central nervous system disorder
characterized by childhood onset epilepsy and subsequent mental retardation. The locus for EPMR has been
mapped to human chromosome 8p23. We recently reported the construction of a YAC contig across the 4
centimorgan minimum genetic region that harbors the disease locus. We now report further delineation of the
critical region to <700 kb. Our mapping strategy relied on the identification of nine novel microsatellite
markers and the construction of a complete BAC contig across the critical region. Several partial gene sequences
have been identified from the region and are being analyzed as candidate genes for EPMR.

[The sequence data described in this paper have been submitted to the GenBank data library under accession

nos. AFO09188-AF009214.]

Epilepsy is a relatively common symptom of a di-
verse group of disorders that, together, affect (2%~
3% of the population (Scheuer and Pedley 1990;
Hauser et al. 1993). Although clearly a heterog-
eneous disorder, genetic factors are known to con-
tribute to the etiology of at least a subset of epilepsy
cases. To date, seven independent loci have been
genetically mapped for monogenic forms of epi-
lepsy with clear Mendelian patterns of inheritance
(Leppert et al. 1989; Lehesjoki et al. 1991; Lewis et
al. 1993; Tahvanainen et al. 1994; Ottman et al.
1995; Phillips et al. 1995; Guipponi et al. 1997). A
subset of families for one of the multifactorial forms
of epilepsy, juvenile myoclonic epilepsy, may be
linked to chromosome 6p (Greenberg et al. 1988;
Durner et al. 1991; Weissbecker et al. 1991; Liu et al.
1995). Moreover, evidence for involvement of a lo-
cus on chromosome 8q in idiopathic generalized
epilepsy has been reported (Zara et al. 1995).

One strategy to better understand the patho-
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physiology underlying epileptic seizures has been to
positionally clone and characterize the genes whose
mutations cause monogenic forms of epilepsy. This
approach has led to the identification of a missense
mutation and, recently, a 3-nucleotide insertion, in
the coding region of the a4 subunit of the neuronal
nicotinic acetylcholine receptor that cosegregates
with autosomal dominant nocturnal frontal lobe
epilepsy (ADNFLE) (Steinlein et al. 1995, 1997). The
gene responsible for a form of progressive myoclo-
nus epilepsy (EPM1) was identified as a protease in-
hibitor, cystatin B, by Pennacchio et al. (1996).

Progressive epilepsy with mental retardation
(EPMR), also known as Northern epilepsy, is an au-
tosomal recessive disorder so far reported only from
asmall rural region in Northern Finland. To date, 25
patients with the disorder have been identified.
Given their descendance from a small number of
founders and their subsequent relative genetic iso-
lation, Finnish families carrying a rare Mendelian
disorder are likely to harbor clonal copies of the
identical defective allele (Norio et al. 1973). Thus,
the EPMR families are ideal for a positional cloning
study.
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The main clinical features of EPMR are normal
early development followed by childhood onset epi-
lepsy and subsequent mental retardation. Epilepsy
begins between the ages of 5 and 10 and is charac-
terized by generalized tonic—clonic seizures that in-
crease in frequency until puberty. In addition, one-
third of all patients suffer complex partial seizures.
All epileptic activity decreases during early adult-
hood. Mental retardation begins 2-5 years after the
onset of seizures and continues through adulthood.
All of the adult patients need help in their daily
lives. Of the antiepileptic drugs used, clonazepam
has been the most effective (Hirvasniemi et al. 1994,
1995).

The EPMR gene has been localized to the telo-
meric region of chromosome 8p (Tahvanainen et al.
1994). We recently reported the construction of a
yeast artificial chromosome (YAC) contig across the
EPMR disease locus (Ranta et al. 1996). Using the
contig to physically map densely spaced microsat-
ellite markers, we have continued to narrow the dis-
ease gene region by precisely mapping meiotic
breakpoints that refine the boundaries of the locus
and by identifying regions homozygous by descent
in affected individuals. The combination of these
mapping strategies allowed us to identify a region of
<700 kb that harbors the EPMR locus. A contig con-
sisting of 17 overlapping bacterial artificial chromo-
some (BAC) clones was constructed across the re-
gion. The BAC clones were used as targets for exon
trapping, whereas two midi-YAC clones were immo-

bilized to nylon filters and hybridized to brain
cDNA libraries to identify protein-coding DNA se-
quences. A partial transcript map of the region is
presented. These candidate gene sequences are cur-
rently being used to scan for disease-causing muta-
tions.

RESULTS

Physical Mapping

To generate additional microsatellite markers across
the EPMR disease locus, we set out to construct a
BAC contig across the minimum genetic region
identified from our previous study (Ranta et al.
1996). Because all affected individuals, with the ex-
eption of the one haplotype we considered different
(see Haplotype Analysis, below), were homozygous
for microsatellite markers spanning a 3-centimor-
gan (cM) region between D8S504 and AFMa054td9,
we limited the contig construction to this region.
Randomly selected sequence tag sites (STSs) map-
ping to the previously reported EPMR-YAC contig
(Ranta et al. 1996), together with probes obtained
from the Whitehead Institute database, were used to
screen the commercially available Research Genet-
ics Human BAC library. BAC clones that were posi-
tive for STSs in the region were screened for the
presence of microsatellite repeat sequences (see be-
low), and nine new markers were characterized as

Table 1. Microsatellite Markers Spanning the Minimum Genetic Region
Name and
type of Primer sequences Size GenBank No. of
repeat® B - 3) (bp) acc. no. alleles®
140CA I G@TC CCA GGT TAA GAA CCT GAA C 132 AF009207 7
(Ca)20 II CTC CCC GCT AAA AAA GCA A
156CA I CTA TGT AGT CAC TTT TGA TCC 104 AF009208 9
(Cha)17 II CAC AAG CAA GAA GGT AGC AC
186CA I CTC CAG CCT TGG TGT CAG AGT 235 AF009212 2
(Cay17 IT GAC ATC CAC TGA AAT GAT CCT G
125GATA I AAA AAG GTT AAC TAC AAG CGC A 139 AF009206 6
(GATA) 11 II CCA AAA CCA CAT CAA GGA GAG
93CA I CTC CAT CCA GGC TGT GTT G 226 AF009214 3
(ca)is IT TGG GAA AAT ATG TGA TTT CCT G
44CA I TCT GGT TAA AAA GAT TGC AGG G 258 AF009213 10
(Ca)28 ITI CTT CTG GCT CTG TGT GTG TG
159CA I GGG GTT GTC TTA GGC ATC AA 134 AF009209 12
{Ch)20 IT TCC CCT GAT AAA CCA TCT ATG G
159CA-TA I GCC GAG ATT CCA CCA TTG 250 AF009210 18
(TA)25(Ch) 26 IT CCT GGA GAG GCA GAA ACT GT
159GATA I CTC AAA AAT ATA TAT GGT AGA TAG 149 AF009211 3
(GATA) 6 II CTG AGA CAT AGT AAA TGC TTG G
AListed in order from the most telomeric to most centromeric.
PScreened in >20 unrelated individuals.
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Figure 1 Refinement of the EPMR region by meiotic
breakpoint mapping. DNA marker genotypes across
the EPMR locus in two segments of the extended pedi-
gree from Northern Finland (Hirvasniemi et al. 1994).
The haplotypes reveal key recombination events that
reduce the EPMR minimum genetic region to <1 cM.
Both recombinations occur in healthy siblings (arrows).
Disease homologs are in boldface type. The boxed re-
gions contain the segment of recombinant chromo-
some marking the sites of chromosomal recombina-
tion. (O) Untyped alleles.

described in Table 1. Because recombination break-
points were identified with these markers (see below
and Fig. 1), we were able to concentrate our efforts
on a much smaller region defined by the new flank-

HIGH-RESOLUTION MAP OF AN EPILEPSY (EPMR) LOCUS

ing markers, 140CA and 159CA. Figure 2 depicts the
physical map of the new minimal genetic region. A
total of 17 BAC clones were identified, each of
which shared at least two STSs with its overlapping
neighbors. To secure the overlap between BAC
clones, we directly sequenced most BAC ends to de-
velop PCR primers. When this method failed, we
used ligation-mediated PCR (Kere et al. 1992) to ob-
tain the BAC end sequences (Table 2). Because the
T7 end of BAC clone 233K17 was chimeric, we re-
screened the library with another STS derived from
the end sequences of an overlapping P1 clone
(9106) (data not shown) and found two additional
BAC clones, 104G24 and 369H9. Two sets of BAC
end sequences were identical, 108T7/239SP6 and
93T7/293SP6. BAC 44D1 may have undergone a de-
letion event, as it failed to amplify STS WI-11694.

A total of nine microsatellite markers were iden-
tified by systematically screening all BAC clones for
hybridization to poly [d(C-A),] - [d(G-T),] and oligo-
nucleotide (GATA)s, probes. Clone 159F7 contained
three markers (159CA, 159GATA, 159CA-TA), one
of which (159CA) proved to be a new centromeric
flanking marker for EPMR. Five additional microsat-
ellite markers were identified by this method along
with one marker (125 GATA) that was revealed
while sequencing the T7 end of clone 125H11.

Finally, we used marker AFM265wb5 to screen
the Centre d’Etude du Polymorphisme Humain
(CEPH) midi-YAC library (Albertsen et al. 1990;
Green and Olson 1990) to obtain a small set of
clones that span the entire disease gene region but
only a limited amount of the surrounding region.
Two additional YAC clones were identified (136A2
and 377A1) that span the entire region. Character-
ization of the YAC-end sequences revealed no chi-
merism (data not shown). We estimate the maxi-
mum size of the critical genetic region to be the sum
of these two partly overlapping YACs, 0700 kb
(370 + 330, respectively).

Haplotype Analysis

The EPMR locus previously had been mapped to a
4-cM region between the flanking markers
AFM185xb2 and AFMa054td9. Nine new microsatel-
lite markers (Table 1) generated from the BAC con-
tig clones described above, together with one new
marker from the Whitehead Institute for Biomedical
Research database, were used to genotype the two
EPMR families known to harbor recombination
breakpoints between the disease locus and flanking
markers. Haplotype analysis shows that markers
140CA and 159CA recombine in healthy individu-
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Figure 2 Physical map of the EPMR minimum genetic region. Seventeen BAC clones with their corresponding STS,
exon, or microsatellite positions are shown in the middle. The BAC contig spans the region between the telomeric
flanking marker 140CA and the centromeric flanking marker 159CA. (®) The BAC location of an STS, exon, or
microsatellite marker, with its corresponding name at the top. Names in boldface type indicate exons or STSs from
cDNA clones. (X) A chimeric BAC-end sequence; (M) a repeat element. Exon sequences obtained from exon
trapping are indicated as vertical bars protruding down from the top border. New microsatellite loci are indicated
below the bottom border. Two midi-YAC clones are indicated at the bottom. Six putative gene locations are

indicated by shaded boxes along the bottom border.

als, both clearly beyond the age of risk for disease
(Fig. 1). Marker 156CA is uninformative in these
families. The recombination has therefore occurred
between 140CA and 186CA on the telomeric side
and between 44CA and 159CA on the centromeric
side. In family 2, individual 11-3 is homozygous 2/2
for marker 93CA. This could result from a double
recombination event, which we consider very un-
likely given the small physical and genetic distances
between the markers, or from a new mutation
within the dinucleotide repeat sequences of the
marker. In support of the latter, alleles 1 and 2 differ
by a single dinucleotide repeat. The two recombina-
tion events shown in Figure 1 refine the minimum
genetic region to an area of <1 cM between markers
140CA and 159CA.

Our previous genetic analysis identified two

890 4 GENOME RESEARCH

distinct haplotypes associated with the EPMR
disease allele, thereby suggesting two independent
disease mutations that segregate through the
Northern Finnish pedigrees (Tahvanainen et al.
1994; Ranta et al. 1996). We therefore genotyped
the single EPMR family segregating this putative
distinct disease haplotype with the new set of
densely spaced markers. Our data show that the
affected individuals who appeared to be compound
heterozygotes at the EPMR locus are clearly homo-
zygous for markers closer to the disease locus and
identical to those affected individuals shown in
Figure 1. Thus, homozygosity mapping places the
disease gene between markers D8S504 and 159CA,
consistent with the meiotic breakpoint predic-
tions (Table 3) and suggests only a single ancestral
mutation.
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Table 2. Primer Sequences for the BAC-End
STSs Listed by the BAC Address

Name? Primer sequences

108T7* { I <CAA CAT CCC ATT CTG AGG CT
2398P6 | IT TAA CTA AAT TCC CCC CAC CC
140T7 I CCC CTG GTC CCA TAA ACC

II GAG GCA GCA TGA GGC TGT
1088P6 I GGT GCC CTG ACA TGA GTT TA

IT AAG ACA TGA GAC TCC CAG AAG G
1408P6 | I AGG CTG GAG GGT CCT AAA AA

IT CAT GTT TGT CCA TTC ATC CG
156T7 I CCA TTA ACG TGT AAT TTA ATA C
ITI TAT AGT GGA AAT GAG AAT GTG G
239T7 I AAG CTT GTT AGA ACT ATT GGT TT
IT CCA CCA CCC TCA CGG TAT
1248p6é | I AAG GCT CAG TTG GAT TTC ACA
II CAG TTC ACC CCT CCC TCC

124T7 I TTC CAG TGG AAA AAT GAA AAG A
II TGT ACA CAC ATG CAC ACA TGG
1568P6 | I AGT AAA AGC TCG GCT GTG CG

IT TCA GAG GAC GGC GAG AAA TG
93T7* I GGG TGC TGT TTG TGT AGA ATG
293SP6 | IT TGT AGA CAT ACT GGC CCT GAG
44s8p6 I TGG AAC TAG TTG CAG GAC TGG
IT AGG CAA ACG CAC TCA GAT G
125T7 I AAA AAG GTT AAC TAC AAG CGC A
II CCA AAA CCA CAT CAA GGA GAG
186SP6 | I AGC AGT TAC CCA TAA BAAC GCA
II TGC CGA CTG AAG AGG AGG
1048P6 | I CAC AGA CCT GGA TGA AAT TCT G
ITI GGT GGG ATA AGC AAG ATG GA
93SP6 I TGT CTG CCT TTC TAA CGC CT

IT GTA ATT AAG CTG GGA CAC CTIG G
369T7 I GCC ACG GTT GTT TGT TTT G

IT CTG ATT TGT TGG CCA CCT G
44T7 I GCT TGG GAA GAA ATC ACT TCC
IT TCC TGC TGA ACG GGT ATT TC
293T7 I ACA TGC AGG GAG GAG TGC

II ACC CTG TCC GGG TAG GTA AT
159717 I TGA ACT CCA GGA CTG CCT G

II GCT AAT AAA TGC CAC TTC TGG C
104T7 I CCA GCA ACC AAG BAAG TTA AAC T
II TAT GTC TTT TTG AGG GCA TGG
3695P6 [ I TGG TCC TGC TAT GGT GCA TA

II CGA AAA GAG TAA ATC GCC CA
2338P6 | I CTG GCT GIT TCC TGT CAT CA

II TCT TCT CTG GGT GCT GGG
1598P6 | I ACT TCC TCA GCA CCT GGC TA

II GAG GAT GGC TGG TCT CAG AG

&(*)The BAC-end STSs 108T7 and 239SP6 are identical as are
93T7 and 293SP6.

Transcript Map

A combination of exon trapping (Buckler et al.
1991; Church et al. 1994) and cDNA library screen-
ing (Bonaldo et al. 1994) was used to identify puta-
tive protein-coding DNA sequences within the
minimum genetic region. A total of 15 BAC clones
were used for exon trapping, and the two midi-YAC
clones were used to screen a normalized infant brain
cDNA library.

HIGH-RESOLUTION MAP OF AN EPILEPSY (EPMR) LOCUS

A total of 22 exons was selected, which map
unambiguously to the EPMR BAC contig. Of these,
three map beyond the telomeric border of the mini-
mal genetic region and another five appear to iden-
tify a single gene that spans the centromeric border
of the region. Thus, a total of 14 exons map clearly
within the minimal genetic region as described in
Table 4 and as depicted as vertical bars at the top of
Figure 2. The sizes of the exons are given in Table 4.
The five exons spanning the centromeric border
show complete sequence homology with the 165-
kD skeletal muscle protein gene (GenBank accession
no. X69089) (Fig. 2, gene 1). We have mapped sev-
eral of these exons centromeric to the flanking
marker 159CA on BAC 159F7. This gene lies at least
partially outside the region of interest, although it is
possible that one or more exons and/or regulatory
sequences lie within the critical region where they
would be targets for a disease-causing mutation.

Of the 14 exons from the critical interval, 5 map
to BACs 104G24, 125H11, 44D1, 246K11, and
293D11 (Fig. 2, E8-12). We used oligonucleotide
primers from these exons to prime reverse transcrip-
tase PCR (RT-PCR) amplification of poly(A)* RNA
from total human brain. Three of the exons (E10-
12) amplify 410 bp of a contiguous cDNA transcript
and presumably encode a single gene (Fig. 2, gene
2). Several of these exons were used to screen a
Clontech human cerebral brain cDNA library. Exons
E2 and E3 both identify a single cDNA clone. Fur-
ther library screening for this gene revealed four
overlapping clones spanning 3412 bp of cDNA se-
quence that includes a third exon from the trapping
experiments (E4) and a BAC-end STS (156SP6)
within the 3'-untranslated region (UTR). Homology
searches with the entire cDNA sequence revealed
strong homologies with the rat PSD-95/SAP90 (post-
synaptic density 95/synapse-associated protein 90)-
associated protein 2 mRNA (GenBank accession no.
U67138) and the human GKAP (guanylate kinase-
associated protein) mRNA (GenBank accession no.
U67988). This novel gene (Fig. 2, gene 3, GenBank
accession no. AF009204) detects RNA transcripts of
1.7 and 2.5 kb in all tissues tested (heart, brain, pla-
centa, lung, liver, skeletal muscle, kidney, and pan-
creas), along with a 10-kb transcript detected only
in brain. Exons E10-12 identified a single cDNA
clone. We used 3’ rapid amplification of cDNA ends
(RACE) to extend this clone. These two overlapping
clones span 4353 bp and include exons E9 and E14,
an additional exon not originally placed on the con-
tig, and BAC end-STS 44T7 (GenBank accession no.
AF009205). This gene detects a 6-kb RNA transcript
in all tissues tested (see above).

GENOME RESEARCH «891
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Table 3. Chromosomal Region Identical By Descent at the EPMR Locus

afm185 D85 140CA 156CA 186CA  afm265  125gata 93CA - 44CA 159CA  D8S264 afma054 D8S262
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Shown are the haplotypes of five EPMR patients. The haplotype consist of 13 microsatellite markers spanning
the disease locus. These data define the region of homozygosity by descent between marker D8S504 and
159CA. The first haplotype (first row) is the most common and is considered the ancestral haplotype. The
shaded areas identify regions of homozygosity, i.e., identical by descent.

A normalized brain cDNA library was screened
using the inserts of YACs 136A2 and 377A1 accord-
ing to a protocol described previously (Bonaldo et
al. 1994; Soares et al. 1994). Clone 136A2 detected
one new cDNA clone (136E3, GenBank accession
no. AF009202) that mapped back to the EPMR con-
tig and clone 377A1 detected two novel cDNA
clones (377H7 and 377E3). No significant sequence
homologies were detected with these clones. 377H7
was identical to the 3’ end of gene 2. These gene
segments are shown as genes 4, 2, and 5 in Figure 2.
We also searched the National Council for Biotech-
nology Information Gene Map web site (http://
www/ncbi.nlm/nih.gov/SCIENCE96/) correspond-
ing to the Genome issue of Science (Schuler et al.

Table 4. Exonic DNA Sequences from the
Minimum Genetic Region

Length GenBank
No. (bp) acc. no.
EST1 115 AF009200
EST2 148 AF009201
EST3 220 AF009198
EST4 86 AF009199
EST5 81 AF009197
EST6 123 AF009196
EST7 139 AF009195
EST8 87 AF009190
EST9 122 AF009192
EST10 146 AF009194
EST11 93 AF009188
EST12 171 AF009189
EST13 108 AF009193
EST14 123 AF009191
The PCR product using genomic DNA from exon E7 was
longer than 139 bp and, when sequenced, seems to consist of
two exons separated by intronic sequence.

892 4+ GENOME RESEARCH

1996) for expressed sequence tags (ESTs) and were
able to map four new sequences within the BAC
contig; a004f35, a004a42, cdaOeh6, and bcd1479.
Of these, we were not able to link a004f35 to any of
our exons or cDNAs. This EST is therefore listed as
gene 6 in Figure 2. The remaining three ESTs are
component parts of cDNA clone 377E3 (GenBank
accession no. AF009203). An EST from the 3’ UTR of
377E3 spans the centromeric boundary of the mini-
mal genetic region.

DISCUSSION

The minimum genetic region harboring the EPMR
locus has been refined to a region of <700 kb. Pre-
viously, we reported the construction of a YAC con-
tig across a 4-cM region that genetically defined the
EPMR locus (Ranta et al. 1996). A high-resolution
BAC contig was constructed across the region of ho-
mozygosity, and nine new microsatellite markers
were identified and physically ordered across this
region. This dense set of DNA markers resolved a
more defined, 1-cM region of homozygosity com-
mon to all affected individuals, notably including
one disease haplotype previously assumed to carry
an independent disease allele based on its unique
signature in regions more distant to the disease lo-
cus (Ranta et al. 1996). Two recombinant break-
points were identified in unaffected members of the
EPMR pedigrees, which further narrowed the dis-
ease locus region to <700 kb. Having exhausted the
search for microsatellite markers in the region, we
have now begun a DNA sequencing effort to pin-
point more precisely the remaining two recombina-
tion breakpoints and thereby the minimum genetic
region harboring the EPMR locus.

Various neurotransmitter receptors have long
been considered targets for epilepsy mutations
(Elmslie and Gardiner 1995). In the past few years
several genetic linkage studies and mutation reports
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have produced data in support of this hypothesis.
For example, mutations in the a4 subunit of the
neuronal nicotinic acetylcholine receptor gene has
been demonstrated in ANDFLE in two pedigrees
(Steinlein et al. 1995, 1997). Mutations in a chro-
mosome 12p, Shaker-related voltage gated K* chan-
nel gene, KCNAL, are associated with an autosomal
dominant episodic ataxia-myokymia disorder in
several families (Browne et al 1994, 1995; Comu et
al. 1996) and mutations in a gene encoding the ol
subunit of the glycine receptor (GLRP1) cosegregate
in families affected with familial hereditary hyper-
ekplexia (Shiang et al. 1993, 1995; Rees et al. 1994).
The fact that the gene responsible for a form of pro-
gressive myoclonus epilepsy (EPM1) is a protease
inhibitor (Pennacchio et al. 1996), however, cau-
tions one against limiting the epilepsy candidate
gene pool.

The BAC contig provides valuable reagents for
isolating candidate genes for EPMR, as well as se-
quencing this entire region of the human genome.
The collection of trapped exons from BAC clones,
together with homologous cDNAs selected with the
two YAC clones (Fig. 2) was used to identify six pu-
tative independent genes from the region. The most
interesting candidate at this point is gene 3 (Fig. 2),
a human GKAP homolog. GKAP is a novel synaptic
protein that appears to play a role in the organiza-
tion of ion channels and signaling molecules at the
synaptic junction (Kim et al. 1997). GKAP interacts
directly with a carboxy-terminal domain of the PSD-
95 family of proteins, which in turn bind to Shaker-
type K" channel proteins via their amino-terminal
domain. In Drosophilia, mutation of the PSD-95 ho-
molog (Discs Large, DLG) disrupts the normal syn-
aptic clustering of Shaker proteins and alters synap-
tic morphology (Lahey et al. 1994; Tejedor et al.
1997). As noted above, mutations in the human
KCNAL1 Shaker-related K* channel gene produce epi-
lepsy-like symptoms. One of the exons (E4) com-
prising the GKAP homolog maps to the same bin as
the microsatellite marker 186CA, which is therefore
an intragenic polymorphic marker. Because there
are no recombinations between 186CA and the dis-
ease gene, this cDNA is an excellent candidate gene
for EPMR. Therefore, for the GKAP homolog and
other genes in the minimal genetic region, we will
continue our efforts to clone the full-length cDNASs,
identify intron-exon junctions, and systematically
screen patient and control DNA (or RNA when the
gene is expressed in lymphoblasts) for disease mu-
tations.

Positional cloning studies targeted at epilepsies
with monogenic etiologies are clearly in a very pro-
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ductive phase. The limitation of the EPMR locus to a
region of <700 kb and the construction of a BAC
contig spanning this minimum genetic region will
greatly facilitate the cloning of the defective gene
causing this particular type of epilepsy. The immi-
nent discovery of genes that mutate to cause mono-
genic forms of epilepsy will provide new molecular
tools to study the normal and pathological func-
tions of these key genes and their protein products.
It is hoped that through discovery of allelic variants
of these same genes, or through identification of
new genes from common molecular pathways,
these discoveries will provide new insights to the
investigation of more common forms of epilepsy.

METHODS

BAC and YAC Library Screening

BAC clones were isolated from the Research Genetics Human
BAC library by PCR screening. For BACs 6K9, 6003, 93H7,
104G24, 108011, 124A4, 140H1, 156G21, 159F7, 186J15,
233K17, and 369H9, only the superpools and plate pools were
screened, followed by the individual BAC plate. Eight of the
BAC plates were contaminated, giving more than one address
for the same BAC clone. In these cases the BAC address was
determined by colony plating. For BACs 44D1, 125H11,
239B12, 246K11, and 293D11, BAC library pools for rows and
columns were available and afforded definite BAC addresses
for each clone.

The YAC clones were isolated by PCR screening of the
CEPH midi-YAC library (Albertsen et al. 1990; Green and Ol-
son 1990).

BAC-End Isolation

BAC-end sequences were determined by direct sequencing
with an automated ABI 373A DNA sequencer except in cases
where direct sequencing failed (124SP6, 239T7, 239SP6) or did
not provide sufficient sequence to read through an Alu repeat
(156T7). In these four cases, the ends were isolated by liga-
tion-mediated PCR amplification with minor modifications
of published protocols (Kere at al. 1992). One-hundred nano-
grams of BAC DNA was digested in separate 15-ul reactions
with Rsal, EcoRV, and Pvull for the SP6 end isolation, and
Pvull, Bglll, and Ddel for the T7 end isolation. The ends for
fragments digested with Bglll and Ddel were filled using Kle-
now (Boehringer Mannheim). A short linker sequence (2
pmoles), T4 DNA ligase, and buffer recommended by the en-
zyme supplier were added to the reactions and incubated for
1 hr at 37°C. One microliter of the reaction mixture was am-
plified by PCR in 20-pl reactions using the linker primer (3
pmoles) and a BAC vector arm-specific primer (30 pmoles).
One microliter of reaction mixture was reamplified in 50 ul of
PCR reaction using the linker primer and an internal BAC
arm-specific primer. The primer sequences are as follows: T7 I:
5'-AATTGTAATACGACTCACTATAGGGCG-3'; T7 II, 5'-
ATCCTCTAGAGTCGACCTGC-3’; SP6I, 5'-GTTGTGTGGAAT-
GTGAGCGG-3'; SP6Il, 5'-AGCTATTTAGGTGACAC-
TATAGAATAC-3'.
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Identification of Microsatellite Markers

With the exception of clone 239B12, all clones from the BAC
contig (Fig. 2) were subcloned into pUC18. The colonies were
screened with nick-translated poly[d(C-A),] - [d(G-T),] and ki-
nase-labeled (GATA)s. Positive clones were sequenced and oli-
gonucleotide primers flanking the repeat sequences were de-
signed. To estimate the number and frequencies of alleles we
typed at least 20 unrelated individuals. All microsatellite
genotyping was performed by kinase labeling of one of the
oligonucleotide primer pairs with [y-*2P]JATP using standard
PCR amplification conditions.

Exon Trapping

Exon trapping was performed using GIBCO’s exon trapping
kit (cat. no. 18449-017) according to manufacturer’s and pub-
lished protocols (Buckler et al. 1991; Church et al. 1994) with
minor modifications; we used vector pSPL3b instead of pSPL3.
Also, to minimize the number of false positives in the final
PCR we added an additional step after the second subcloning
with vector pAMP: colony hybridization with kinase-labeled
oligonucleotide (5'-GTAAGTAATACATGTAATG-
CAACCTATAC-3') derived from the HIV portion of vector
PSPL3b.

cDNA Library Screening and 3" RACE

Clontech’s cerebral brain cDNA library (cat. no. HL3002a) was
screened using standard protocols with exons E1-6 and E10-
12. Only one positive clone containing exons E2 and E3 was
identified in the initial screening with exons E1-6. The library
was then rescreened with a 735-bp PCR product from this
cDNA clone. Four additional clones were identified in the
second screening. One clone was identified after screening
with exons E10-12. In preparation for the cDNA library selec-
tion, YAC inserts were separated from yeast chromosomes by
pulsed-field electrophoresis using a Pharmacia LKB apparatus
with a hexagonal electrode. Approximately 10 ng of YAC
DNA was denatured with 0.5 m NaOH for 10 min at room
temperature. The DNA (2-5 ng) was then spotted onto a Ge-
neScreen plus (DuPont) membrane (0.5 cm?), neutralized
with 1 m Tris-HCL (pH 7.5), washed with 2Xx SSC, and UV
cross-linked. The conditions for cDNA selection have been
described by Bonaldo et al. (1994). Selected cDNAs were re-
covered by alkaline denaturation, eluted from the membrane,
and ethanol precipitated. The cDNAs were then converted to
the double-stranded forms by primer extension using M13
universal primer and T1 polymerase (Sequenase, v. Il, U.S.
Biochemical), electroporated into bacteria (DH10B), and
grown in 2.5 ml of 2 YT (Bio 101) at 37°C for 1 hr. The entire
culture was plated on 2x YT ampicillin agar. The colonies
were amplified by PCR and hybridized with Cot | DNA
(GIBCO BRL) and YAC DNA. (20x SSC=3 m NaCl, 0.3 m
Nagcitrate H,O at pH 7.0).

To clone the 3’ end of gene 2, 3" RACE was performed
using the Marathon Human Brain cDNA Library (Clontech,
7400-1). The following oligonucleotide primers were used: 5’'-
CCGTGGTTGCTAACGCGAAACC-3' and the adaptor primer
AP1. PCR was carried out using the following cycling condi-
tions: 94°C for 1 min, 94°C for 10 sec, 68°C for 5 min for 30
cycles, and 72°C for 4 min using Perkin Elmer 9600. The PCR
product was gel-purified and cloned for sequence analysis.
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Northern Blotting

Northern blot MTN7760 (Clontech) was hybridized with a
735-bp PCR product from the first cDNA clone with exons E2
and E3 and with a 110-bp product from the 3’ RACE clone
from gene 2 according to the manufactors protocols.

ACKNOWLEDGMENTS

We thank Trecia Henriques for her assistance with building
the BAC contig. This work was supported by the Ulla Hjelt
Foundation (S.R.).

The publication costs of this article were defrayed in part
by payment of page charges. This article must therefore be
hereby marked “‘advertisement” in accordance with 18 USC
section 1734 solely to indicate this fact.

REFERENCES

Albertsen, H.M., H. Abderrahim, H.M. Cann, J. Dausset, D.
Le Paslier, and D. Cohen. 1990. Construction and
characterization of a yeast artificial chromosome library
containing seven haploid human genome equivalents. Proc.
Natl. Acad. Sci. 87: 4256-4260.

Bonaldo, M.F., M.-T. Yu, P. Jelenc, S. Brown, L. Su, L.
Lawton, L. Deaven, A. Efstratiadis, D. Warburton, and M.B.
Soares. 1994. Selection of cDNAs using chromosome-spesific
genomic clones: Application to human chromosome 13.
Hum. Mol. Genet. 3: 1663-1673.

Browne, D.L., S.T. Gancher, J.G. Nutt, E.R.P. Brunt, E.A.
Smith, P. Kramer, and M. Litt. 1994. Episodic
ataxia/myokymia syndrome is associated with point
mutations in the human potassium channel gene, KCNA1.
Nature Genet. 8: 136-140.

Browne, D.L., E.R.P. Brunt, R.C. Griggs, J.G. Nutt, S.T.
Gancher, E.A. Smith, and M. Litt. 1995. Identification of
two new KCNAL mutations in episodic ataxia/myokymia
families. Hum. Mol. Genet. 9: 1671-1672.

Buckler, AJ., D.D. Chang, S.L. Graw, J.D. Brook, D.A. Haber,
P.A. Sharp, and D.E. Housman. 1991. Exon amplification: A
strategy to isolate mammalian genes based on RNA splicing.
Proc. Natl. Acad. Sci. 88: 4005-4009.

Church, D.M., C.J. Stotler, J.L. Rutter, J.R. Murrell, J.A.
Trofatter, and A.J. Buckler. 1994. Isolation of genes from
complex sources of mammalian genomic DNA using exon
amplification. Nature Genet. 6: 98-104.

Comu, S., M. Giuliani, and V. Narayanan. 1996. Episodic
ataxia and myokymia syndrome: A new mutation of
potassium channel gene Kv1.1. Ann. Neurol. 40: 684-686.

Durner, M., T. Sander, D.A. Greenberg, K. Johnson, G.
Beck-Mannagetta, and D. Janz. 1991. Localization of
idiopathic generalized epilepsy on chromosome 6p in
families of juvenile myoclonic epilepsy patients. Neurology
41: 1651-1655.

Elmslie, F. and M. Gardiner. 1995. Genetics of the
epilepsies. Curr. Opin. Neurol. 8: 126-129.

Guipponi, M., F. Rivier, F. Vigevano, C. Beck, A. Crespel, B.
Echenne, P. Lucchini, R. Sebastianelli, M. Baldy-Mouliner,


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 16, 2026 . Published by Cold Spring Harbor Laboratory Press

and A. Malafosse. 1997. Linkage mapping of benign familial
infantile convulsions (BFIC) to chromosome 19q. Hum. Mol.
Genet. 6: 473-477.

Green, E.D. and M.V. Olson. 1990. Systematic screening of
yeast artificial-chromosome libraries by use of the
polymerase chain reaction. Proc. Natl. Acad. Sci.
87:1213-1217.

Greenberg, D.A., A.V. Delgado-Escueta, H. Widelitz, R.S.
Sparkes, L. Treiman, H.M. Maldonado, M.S. Park, and P.I.
Terasaki. 1988. Juvenile myoclonic epilepsy (JME) may be
linked to the BF and HLA loci on human chromosome 6.
Am. J. Med. Genet. 31: 185-192.

Hauser, W.A., J.F. Annegers, and L.T. Kurland. 1993.
Incidence of epilepsy and unprovoked seizures in Rochester,
Minnesota: 1935-1984. Epilepsia 34: 453-468.

Hirvasniemi, A., H. Lang, A.-E. Lehesjoki, and J. Leisti. 1994.
Northern epilepsy syndrome: An inherited childhood onset
epilepsy with associated mental retardation. J. Med. Genet.
31:177-182.

Hirvasniemi, A., P. Herrala, and J. Leisti. 1995. Northern
epilepsy syndrome: Clinical course and the effect of
medication on seizures. Epilepsia 36: 792-797.

Kere, J., R. Nagaraja, S. Mumm, A. Ciccodicola, M. D’Urso,
and D. Schlessinger. 1992. Mapping human chromosomes
by walking with sequence-tagged sites from end fragments
of yeast artificial chromosome inserts. Genomics

14: 241-248.

Kim, E., S. Naisbitt, Y.-P. Hsueh, A. Rao, A. Rothschild, A.M.
Craig, and M. Sheng. 1997. GKAP, a novel synaptic protein
that interacts with the guanylate kinase-like domain of the
PSD-95/SAP90 family of channel clustering molecules. J. Cell
Biol. 136: 669-678.

Lahey, T., M. Gorczyca, X.-X. Jia, and V. Budnik. 1994. The
Drosophila tumor suppressor gene dlg is required for
normal synaptic bouton structure. Neuron 13: 823-835.

Lehesjoki, A.-E., M. Koskiniemi, P. Sistonen, J. Miao, J.
Héstbacka, R. Norio, and A. de la Chapelle. 1991.
Localization of a gene for progressive myoclonus epilepsy to
chromosome 21g22. Proc. Natl. Acad. Sci. 88: 3696-3699.

Leppert, M., V.E. Anderson, T. Quattlebaum, D. Stauffer, P.
O’Connell, Y. Nakamura, J.-M. Lalouel, and R. White. 1989.
Benign familial neonatal convulsions linked to genetic
markers on chromosome 20. Nature 337: 647-648.

Lewis, T.B., R.J. Leach, K. Ward, P. O’'Connell, and S.G.
Ryan. 1993. Genetic heterogeneity in benign familial
neonatal convulsions: Identification of a new locus on
chromosome 8qg. Am. J. Hum. Genet. 53: 670-675.

Liu, A.W., A.V. Delgado-Escueta, J.M. Serratosa, M.E.
Alonso, M.T. Medina, M.N. Gel, S. Gordova, H.Z. Zhao, J.M.
Spellman, J.R. Ramos Peek et al. 1995. Juvenile myoclonic
epilepsy locus in chromosome 6p21.2-p11; linkage to

HIGH-RESOLUTION MAP OF AN EPILEPSY (EPMR) LOCUS

convulsions and electroencephalography trait. Am. J. Hum.
Genet. 57: 368-381.

Norio, R., H.R. Nevanlinna, and J. Perheentupa. 1973.
Hereditary diseases in Finland: Rare flora in rare soil. Ann.
Clin. Res. 5: 109-141.

Ottman, R., N. Risch, W.A. Hauser, T.A. Pedley, J.H. Lee, C.
Barker-Cummings, A. Lustenberger, K.J. Nagle, K.S. Lee,
M.L. Scheuer et al. 1995. Localization of a gene for partial
epilepsy to chromosome 10q. Nature Genet. 10: 56-60.

Pennacchio, L.A., A.-E. Lehesjoki, N.E. Stone, V.L. Willour,
K. Virtaneva, J. Miao, E. D’Amato, L. Ramirez, M. Faham,
M. Koskiniemi et al. 1996. Progressive myoclonus epilepsy
(EPM1). Science 271: 1731-1734.

Phillips, H.A., L.E. Scheffer, S.F. Berkovic, G.E. Hollway, G.R.
Sutherland, and J.C. Mulley. 1995. Localization of a gene
for autosomal dominant nocturnal frontal lobe epilepsy to
chromosome 20q13.2l. Nature Genet. 10: 117-118.

Ranta, S., A.-E. Lehesjoki, A. Hirvasniemi, J. Weissenbach, B.
Ross, S. Leal, A. de la Chapelle, and T.C. Gilliam. 1996.
Genetic and physical mapping of the progressive epilepsy
with mental retardation (EPMR) locus on chromosome 8p.
Genome Res. 6: 351-359.

Rees, M.1., M. Andrew, S. Jawad, and M.J. Owen. 1994,
Evidence for recessive as well as dominant forms of startle
disease (hyperekplexia) caused by mutations in the al
subunit of the inhibitory glycine receptor. Hum. Mol. Genet.
3:2175-2179.

Scheuer, M.L. and T.A. Pedley. 1990. The evaluation and
treatment of seizures. N. Engl. J. Med. 323: 1468-1474.

Schuler, G.D., M.S. Boguski, E.A. Stewart, L.D. Stein, G.
Gyapay, K. Rice, R.E. White, P. Rodriguez-Tomé, A.
Aggarwal, E. Bajorek et al. 1996. A gene map of the human
genome. Science 274: 540-546.

Shiang, R., S.G. Ryan, Y.-Z. Zhu, A.F. Hahn, P. O’'Connell,
and J.J. Wasmuth. 1993. Mutations in the a1 subunit of the
inhibitory glycine receptor cause the dominant neurologic
disorder, hyperekplexia. Nature Genet. 5: 351-357.

Shiang, R., S.G. Ryan, Y.-Z Zhu, T.J. Fielder, R.J. Allen, A.
Fryer, S. Yamashita, P. O’Connell, and J.J. Wasmuth. 1995.
Mutational analysis of familial and sporadic hyperekplexia.
Ann. Neurol. 38: 85-91.

Soares, M.B., M.F. Bonaldo, P. Jelene, L. Su, L. Lawton, and
A. Efstratiadis. 1994. Construction and characterization of a
normalized cDNA library. Proc. Natl. Acad. Sci.

91: 9228-9232.

Steinlein, O.K., J.C. Mulley, P. Propping, R.H. Wallace, H.A.
Phillips, G.R. Sutherland, |.E. Scheffer, and S.F. Berkovic.
1995. A missense mutation in the neuronal nicotinic
acetylcholine receptor a4 subunit is associated with
autosomal dominant nocturnal frontal lobe epilepsy. Nature
Genet. 11: 201-203.

GENOME RESEARCH 895


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 16, 2026 . Published by Cold Spring Harbor Laboratory Press

RANTA ET AL.

Steinlein, O.K., A. Magnusson, J. Stoodt, S. Bertrand, S.
Weiland, S.F. Berkovic, K.O. Nakken, P. Propping, and D.
Bertrandt. 1997. An insertion mutation of the CHRNA4
gene in a family with autosomal dominant nocturnal
frontal lobe epilepsy. Hum. Mol. Genet. 6: 943-947.

Tahvanainen, E., S. Ranta, A. Hirvasniemi, E. Karila, J. Leisti,
P. Sistonen, J. Weissenbach, A.-E. Hirvasniemi, and A. de la
Chapelle. 1994. The gene for a recessively inherited human
childhood epilepsy with mental retardation maps to the
distal short arm of chromosome 8. Proc. Natl. Acad. Sci.

91: 7267-7270.

Tejedor, F.J., A. Bokhari, O. Rogero, M. Gorczyca, J. Zhang,
E. Kim, M. Sheng, and V. Budnik. 1997. Essential role for
dlg in synaptic clustering of Shaker K+ channels in vivo. J.
Neurosci. 17: 152-159.

Weissbecker, K.A., M. Durner, D. Janz, A. Scaramelli, R.S.
Sparkes, and M.A. Spence. 1991. Confirmation of linkage
between juvenile myoclonic epilepsy locus and the HLA
region of chromosome 6. Am. J. Med. Genet. 38: 32-26.

Zara, F., A. Bianchi, G. Avanzini, S. Di Donato, B.
Castellotti, P.I. Patel, and M. Pandolfo. 1995. Mapping of

genes predisposing to idiopathic generalized epilepsy. Hum.
Mol. Genet. 4: 1201-1207.

Received June 9, 1997; accepted in revised form July 25, 1997.

896 4 GENOME RESEARCH


http://genome.cshlp.org/
http://www.cshlpress.com

