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Classical lissencephaly (smooth brain) or generalized agyria-pachygyria is a severe brain malformation which

results from an arrest of neuronal migration at 9-13 weeks gestation. It has been observed in several
malformation syndromes including Miller—Dieker syndrome (MDS) and isolated | issencephaly sequence (ILS).
A gene containing B-transducin like repeats, now known as LIS1, was previously mapped to the ILS/MDS
chromosome region on 17p13.3. We recently localized the classical lissencephaly critical region to the LIS1 gene
locus by molecular analysis of key ILS and MDS patients. We have now characterized the structure of LIS1,which
consists of 11 exons, and have searched for the presence of subtle mutations in 19 ILS patients who showed no

gross rearrangements of  L/S1. Single strand conformational polymorphism (SSCP) analysis revealed band-shifts

for three patients, each involving a different coding exon, which were not observed in their respective parental

DNAs. Sequence analysis identified these  de novo mutations as a dA —dG transition in exon VI at nucleotide
446, a dC—dT transition in exon VIII at nucleotide 817, and a 22 bp deletion at the exon IX—intron 9 junction from
nucleotide 988 to 1002+7, which causes skipping of exon IX in the mature LIS1 transcript. These changes are
predicted to resultin an H149R amino acid substitution, an R273X premature translation termination, and abolition

of amino acids 301-334, in the respective LIS1 proteins. These data thus confirm LIS1 as the gene responsible
for classical lissencephaly in ILS and MDS.

INTRODUCTION MDS consists of classical lissencephaly (always grade 1 or 2),
characteristic facial abnormalities, and sometimes other birth
Classical lissencephaly (smooth brain) or generalized agyridefects (5). The facial changes include prominent forehead,
pachygyria is a severe brain malformation caused by an arresbittmporal hollowing, short nose with upturned nares, flat
neuronal migration at 9-13 weeks gestation and is characterizatiface, protuberant upper lip, thin vermillion border of the
by a smooth cerebral surface, abnormally thick and pooriypper lip and small jaw. Some patients have a small midline
organized cortex with four primitive layers, diffuse neuronatalcification in the region of the corpus callosum or septum
heterotopia, enlarged and dysmorphic ventricles, and oftgrellucidum. ILS consists of classical lissencephaly (grades 1-4)
hypoplasia of the corpus callosiiin2). It has been observed in and normal facial appearance or subtle facial changes reminiscent
several different malformation syndromes including Miller-of MDS but not sufficient for diagnosis (2). Many patients have
Dieker syndrome (MDS), isolated lissencephaly sequence (ILShinor facial changes such as small jaw and bitemporal hollowing.
and X-linked lissencephaly and subcortical band heterotopighe brain malformation is more variable than in MDS (grades
(XLIS) (3,4). 1-4 with grades 2—3 most common). Other birth defects are rare.
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Figure 1. (a) Schematic of.IS1-containing cosmid, P1 and PAC clones (not drawn to scaleppndéntation and alignment of the LIS1 cDNAs with respect to

these genomic clones. Where determined, direction of the T7, T3, and SP6 ends of genomic clones are indicated. In (b), capitalized letters refer to results o
amplification of genomic clones using primers obtained from LIS1 cDNA sequences (cross-referenced in Table 1). Horizontal lines depict genomic amplificat
product of similar size to cDNA. Small triangles depict products that are larger than cDNA, and large triangles indicate absence of amplification product, sugge:

of large intronic sequences.

Our previous studies demonstrated that aimost all children witfeble 1.Analysis ofLIS1gene structure by PCR of genomic templates
MDS have cytogenetically visible or submicroscopic deletions irvsing LIS1 cDNA primers

chromosome 17p13.3, while about one third of children with ILS

S 53 T ; 3
have submicroscopic deletions of the same region which most™ cavence (-3 B She Tomm S
often involve markeD17S3796). These results suggested that Lsiener - ceascaccaractreeacre 70 4280 o)
haploinsufficiency of a gene in this region was responsible for thesiznes  rccasracasremtorrac 60 192bp 1,2 B
defect in neuronal migration. During a search for genes containingg|7 =% 1o e e 1 cozio)
G proteinB-subunit B-transducin-like) repeats, a novel gene now USH(7i)oaen  COATTTGAACGAAGATARTCTAC G0 np)
known as.IS1was isolated and mapped to chromosome 17p13.381 0 o  Commrorcorcantsoi e o 1% v %
(7) Apparently partial and non-overlapping deletions were detectegi(736ir  TecTcrrmaeimmamaree g0 t4smp 1.2 o
in one ILS and one MDS patient (although first reported as tWQisizijaer  aanscrssaaTracetcacaTes 60 103op 1.2 F
MDS patients), which suggested that this gene was responsib; "1=Cr (P2 rereereTetIee o e Y
for both lissencephaly and the facial abnormalities characterlstlez‘m)726R CAGAACAGGAAGCCAGAAGC 60 (-2K0)
LIS1(71)624F ATTATGAGACTGGAGATTTT(
of MDS (7). We later discovered that one of the CDNA CloneSLi7sh  Geatoe - oo T1oACE 88 10zte 12 M)
used in the initial characterization of theeld Of LISl was e o aacaes 79 1%t 3 .
chimeric (8) Hg}(q)soz; &ﬁx(r:%%'gﬁ:%%@ggg%c o 60 198bp 1,2 J
- 71)899 ATT 60 ~
Our subsequent analyses of key translocation and deletiofl e aoomeememeonaree s 10260 1.2 2
patients using newly isolated probes, including the correctth HOUTINIOER TTOAGAGATGGAGGRATATGACS 80 . (0.1 kb)
. . 60 445 1,2 L
of LIS1, have allowed us to revise thiS1gene boundaries, and  LSiiash GaeACTECCACACTITTACTG 80 o )
reduce the chromosome 17 lissencephaly minimal critical regiol{g]7i1%eh oAiaoarTacaTamance go t22bp 2 1y
to theLIS1locus. These results showed that mutatiohtSifare LIS1(71)1449F  GATTGTGTCTCCTTCGGCC 60 a73bp 2 N
bl f th f | | bn m I|t| r th rm nlf t tl r_]LIS1(71)1821F{ CAGGCACCAACAGATAGCAG 60 (~0.35 kb)
not responsible for the tacial abno _a €S Or Otner MAaNMNESIatONSs: ;1)1716F  AAGTTGAATCAATTGAACTAGGGC 60 788bp 1,2 o}
of MDS (9). We have now characterized the structure @fiie LIS1(71)2510R  GCACGCTCCATTAAACCCTG 60 (-08 kb)
A e . . . LIS1(71)2387F GTGTGCCCATTTGAAAGGAGTG 60 2.56 kb 2 P
gene, and identified subtle novanutations in three ILS patients  Lis1(71)4947r AGAGTGAGCTTTAGGGATGCC 60 (-25kb)
for whom no gross rearrangements were detectable by fluorescentBNitern S onmoraramacacs g9 2% 2 03ko)

in situ hybridization (FISH) or Southern analyses.

Where T, of primers are different, the lowef, vas used in the PCR. Templates:
1, PAC-95HS6; 2, P1-326K8; 3, c120A7 (see also Fig. 1a).

*Capitalized letters refer to the corresponding segments in Figure 1b.
n.p.: no amplification product.

RESULTS
Structure of the LIS1 gene

A genomic contig of 500 kb encompassing théS1 gene was between the primer sequences. Conversely, a larger genomic PCR
generated in the lissencephaly critical region in 17p13.3, amdoduct indicated the presence of intronic sequences between the
several cosmid, P1 and PAC clones were shown to contginimer locations. Finally, the complete absence of any product
portions of or the entitelS1gene (9). Of these, we used c37E9was also taken to suggest the presence of intervening sequence:
c120A7, P1-326K8, and PAC-95H6 for characterizatidid®t  that were too large to be amplified. Table 1 lists the primers,
(Fig. 1a). reagents, cDNA sizes and results of the genomic PCR analysis.
Putative exon—intron boundaries were first determined by PORositions of the putative introns inferred from this analysis are
amplification of one or more of these genomic clones usindustrated in Figure 1b.
cDNA-derived primers, and comparing the genomic amplicon These genomic clones were then directly sequenced using
sizes against the expected cDNA sizes. A genomic PCR prodpcimers listed in Table 2 in order to obtain exon—intron junctional
equivalent in size to cDNA implied the absence of an introeequences. The sequence data obtained were in agreement witt
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size (~kb): 50° nd. 56 8 1.7 285 18 nd. nd 1.4
phase: n.a 2 0 0 0 1 2 0 0 1

Figure 2. Schematic representationld1 gene structure (not drawn to scale). Exons are depicted as boxes and numbered with Roman numerals. Filled-in regio
indicate translated portions of the gene. Introns are indicated by horizontal lines and numbered with arabic numerals. Dotted lines depict undetermined intron
Intron phase describes interruption of the reading frame between codons (0), between the first and second nucleotides of a codon (1), or between the second a
nucleotides of the codon (Zgizes of the first and last exons are indicated as a range, since the LIS1 transcriptional start site/s have not been precisely map
bApproximate size of intron 1 as determined by Southern analysis of PAC clones 95H6 and 308F9 (ref. 9). n.d., not determined; n.a., not applicable.

Table 2. Primers used to sequend&1exon/intron boundaries translation stop (Fig. 4a, probe A), both the5 and(Bb.5 kb
P R I e transcripts were detected (Fig. 4b). However, only(thé kb
LEiATEr ek ) oacTAAnGG STER —exon 7 ton 1 transcript was detected when a 322 bp probe (probe B) lying
e e . idren 1/ exen 1 i
USIZINGOR  CACTAAGTGTCTICCAGACHGS ;f.gggﬁg irliﬂnl-.-_;’x;’ng 3.4-3.7 kb downstream of the translation stop was used instead
1 I 1 i . . . -
tlél‘él%‘éé? E;:g: i Pr-32eks ﬁ:?;nlﬁjlrelgglg (Fig. 4c). These results confirm that the two LIS1 transcripts arise
t:z:ﬁ;:ig;‘ﬁ h?ﬁﬁ grgg:; ."r\’i?&laff'?;ﬁ'n’ i by differential polyadenylation in thé BTR of theLIS1gene.
1 il o1 intron . . .
LIS (715050 EE?'ETEcme rearocaca :rguir fr:gn\fJe::cn\.'q We have not determined which of the consensus or potential
LIS1(71)31 A 120A7 i v 5 . . . . .
USI7140R  TCOTTCAAMATCTCCAGTCTCAT  G120A7 e’/ axon vl polyadenylation sites are utilized for either transcript, but the
LIS1(71)T06F GCTTCTGECTTCCTGETTCTG 12047 won W1 intren 6 . - .t .
US1T1)830R  CTATATGATCTGGATIGGGCATG C120A7  miron & exon W results nonetheless make it unlikely that additional internal exons
LIS1{7T1)BOSF TTCAGTAGCCATCATGCCCAATGGEA c120AT exon Wi/ intron 7 . . . . .
LIS1(71)955R (Table 1) c120A7  infron 7/ exon VIl exist in the Iarge intron 1 or in introns 8 and @ &1
LIS1{71)1080F GCTCATATTCCTCCATCTCTGAR c120AT eaxon VI 7 intron B
LIS1(T1)1186R CCACATCTTAATAGTCTTGTCTCTGE ci20A7 infron B / exon IX
DO CTTeCieTe  Gh e
LIS1{7111250F  CTGTTCCATICTGGGGEE c120A7  exon X/ infron 10 SSCP analysis oLIS1 exons in ILS patients
LIS1(71}1445R (Table 1) c120AT7 Infren 10/ exon X|
. R . . . The DNA of 19 ILS patients was analyzed for the presence of
Primers ending with ‘F’ anneal to the antisense strand whereas primers endin .
with ‘R’ anneal to the sense strand. aross rearrangements, and subsequently for more subtle mutations
*This primer anneals to the T3 end of c37E9 and was used to sequence fror_'{'\f '[h(_i'LISl gene. All had typical manlfestatlo_ns of IL_S by brain
intron 1 into exon | (see also Fig. 1a). imaging studies and clinical exams. No submicroscopic rearrange-

ments in 17p13.3 could be detected in any of these patients, as
determined by FISH analysis of metaphase chromosomes using
the PCR analyses, with the exception of result ‘L’ (Table 1, Fig. 1h)S1 genomic probes (data not shown). Southern analysis was
where subsequent sequencing revealed the presence of tweat performed on patient DNAs digested with four different
introns between the PCR primers (introns 8 and 9 in Fig. 2). restriction enzymes, using three cDNA probes which together
The combined PCR and sequencing analyses thus identifiedeilicompass the open reading frame (ORF) of the gene. No altered
exons in th&lS1gene (Figs 2 and 3). The exact transcription staftybridization band could be detected for any of the patients using
site in exon | has not been determined, although we have localizaty of these probes (data not shown).
the transcription start to a region between the annealing sites ofVe therefore performed an exon by exon SSCP analysis of
primers LIS1(P)CP7F at position —865 (according to the numberitigese patients to search for subtle mutations withinl 8tgyene.
in Fig. 3) and LIS1(P)CP8F at position —558, (see figure 2 of ref. Primers for SSCP analysis were designed to amplify each coding
All splice junctions exhibit a high similarity to the consensugxon separately. Given the complete sequence identity between
sequences for donor and acceptor sites (Fi0,31). The size the ORFs ofIS1and the homologoudS2gene which maps to
of most introns could be estimated from PCR amplification ofhromosome 2p11.2 (12), primers for each exon were first tested
genomic templates, while we did not characterize further thos& DNAs from human-rodent somatic cell hybrids containing
introns that could not be amplified. Intron 1, however, i®nly humanchromosome 2 or only human chromosome 17. Only
estimated to beb0 kb in size based on Southern blot analyses dfiose intronic primers amplifying DNA exclusively from the
PAC digests using LIS1-containing cDNA and genomic probes (39hromosome 17-only hybrid were subsequently employed. The
The presence of two major LIS1-specific transcriptsiob  primer sequences used in exon amplifications are listed in Table 3.
and(b.5 kb (9) ndicates that they can arise either by alternative Three patients showed an electrophoretic migration band-shift
splicing of internal exons or by differential polyadenylation in thén addition to the normal migrating bands, indicative of allele
3 untranslated region (UTR) of the gene. Since several AATAAAeterozygosity (data not shown). In patient ILS-087, the band-shift
as well as other potential polyadenylation signals are locatedaacurred in exon VI, while band-shifts were seen for exons VIl
the 3 UTR of cDNA clone 71, and cDNA clone 47 is and IX in ILS-016 and ILS-079, respectively (Table 3). Confirma-
polyadenylated at the first AATAAA signal of thelBTR (7), we  tory PCR amplifications and SSCP analyses were repeated for these
tested the latter possibility by performing northern analysis afamples to rule out the possibility Biq polymerase-induced
poly(A)* RNA samples from adult brain tissues using probeBCR artifact as a cause of these band-shifts. For all three patients,
corresponding to two different regions of the LISWBR. Using  band-shifts were not detected from their respective parental
a 252 bp probe which lies 2.2-2.45 kb downstream of theNAs, indicating that the observed changes weraovo
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splice acceptor (exon) splice donor

.A.(I)....CAGCGC’[‘CCEJ;91 gtaaggcggcgegggtetgegecctecectetgte
aaataatctttttttttcttetetttcteeccttag -1G9’I‘OGGAATGAA...(I|)....GAGATGAAC?I‘Z gtaagtttetttgttttgtgectttaaaaaaaatct
agtcttttttttaggagtcatttgaatttcttcag AAATCGAGCT...(III)...ATTAGATGT1G17 gtatgttttactttttacaattcaaagtatagtta
ccattttttaaaaattctaaatttatggtctctag 1JAI?TGAAGI-\AT...(IV)..ACAAAJ—\GA‘A’C-;:92 gtaactaagtcttttttctttaaaattagttgtat
atctatctgtacgtaactacatgttctttttcaag 1(?TSTI-\TGGAJ-\T...(V)...TACI-\ATTAA%99 gtaattttttgttaaaagcagacttaacgggaggc

o

568
agttggtgttaaccaattttctgttcacttgacag GTGTGGGATT V|)..ACCATGCACG gtaaggggtagaggatagtgctttaatagtaattt

attaattcataatatattgctgttatgtgttttag ?;GCQCI—\TG]-\CCZ—\...(VII)..‘I‘GCZ—\AACrI‘GE?}71 gtaagtaagtttagttgaaaaggcatcagcggcca

tcattcacagtgtaagttattatttatattgacag ?:ZE?AC’I‘GTGTG..(V|||)..AGGATCTGA%OO gtactgtatatacaaatgtcttcatggttttattg

tgtgggaaacttaatttttattatgttttctgtag £z;xogTAAAJWAA...(IX)..TMGACCCT1c002gtaagtttgc ataatcttaccatttcttttgcatc

cttttaatgagtcaaataaattttttgtttttaag g)ggGGTCATG...(X)...ACCTCCTTGEsggtatgtacgcctcgcgaggtctctgaacattagat
1160

gtgagttttaaataaaccatttctttttctttcag ATTTCCACAA...(XI)

VYYY Yyyyyyncag G consensus AG gtragt

Figure 3. Exon-intron boundaries &1S1 determined from sequence analysis of genomic clones (cross-referenced in Table 2). Splice acceptor and splice don
junction sequences for the 11 exon&l&1 are shown. Boundaries are numbered with position +1 as the first nucleotide of the translation start.

Table 3.Results of SSCP analysis of LIS1 coding exons from 19

a) ) .
HIBATH) CONA A a non-deletion ILS patients
1 1233 et -
l Exon Primer Sequence (5’ -37) T Amplicon SSCP result
(°C) _size (bp) (patient ID)
I LISH(71)103F  (Table 1) 60 236 no shift
b) 12345673 €© 1.2 34567 8 LIS1g334R AAGAGAGCTCCCAAAGCTGTA
i LIS1g850F TGAAAAGAGTATCTTCAGGGTTAATG 57 230 no shift
05 e " LIS1g1120R AAAATTGTGCGTAACTGTTAACTACA
1-Ix. 2 & \% LIS1g1535F TTGTCTTGAGGATCATAGTTAAGCC 57 207 no shift
| - - - TS - - LIS1g1742R TGCAGAAGAATGTTATTTTCAGAA
L= | Vv LIS1g2285F GAAATCTATCTGTACGTAACTAC 57 497 no shift
B 7 o LIS1g2772R  ATCACAGGTTTCAGAGTACCTCC
L VI LIS1g3166F AAGGAGTGATGGAGTTGGTGTT 60 302 shift
g i - LIS1g3468R  GGGACACTGTACACTGTTAG (ILS-087)
135 L VIi*  LIS1g3935F AACCCCATGGTAAAATCCCAT 57 225
E L35 e LIS1g4770R  GCCGCGTGATGCCTTTTCAACTA
LIS1g4553F GGTAAAATCCCATGGTCAATTG 57 205 no shift
LIS1g4758R TTTTCAACTAAACTTACTTAC
. . . i ) . Vil LIS1g5256F ACTTCTGGGAAGTGTCCTGATG 57 294 shift
Figure 4. Northern blot analysis showing differentiap8lyadenylation of the LIS1g4379R  TTCAGATATCAGCAATAAAACCATG (IL8-016)
i i i idi 1 i X LIS1g5538F GTCCATACCTAACTTTCTTGTGTGG 57 228 shift
LIS1gene. A human multiple brain tissue blot was hybridized first with probe LIS195766R  CATAAAGCATTAATCCCAAAAGG (L8-079)
A (@), which detects the two major LIS1 transcriptsBf5 and 5.5 kb X  LIS1g6087F  AATAGATGCTATTTAAACATTTTGCC 57 271 o shift
(b). After probe removal, the same blot was rehybridized with probe B. Only LIS1g6357R  GTTTGTCTGGCACTCCAAAATC
the (7.5 kb transcript is detected with the second probd (cerebellum; 2, X LISig5721LF  GGTCTCACTATGTITGTTGTCCA 60 178 no shift

. . LIS1(71)1517R  GGTATCATCAGAGTGCATCCAG
cerebral cortex; 3, medulla; 4, spinal cord; 5, occipital pole; 6, frontal lobe; 7,

temporal lobe; 8, putamen.

*For exon VI, the presence of an Alu repeat in the intron sequence flanking
the splice-donor necessitated the use of a nested PCR strategy. LIS1g4553F
and LIS1g4758R are primers nesting within LIS1g3935F and LIS1g4770R,
respectively. SSCP analysis was performed on the 205 bp secondary PCR

Identification of point mutations and a splice junction product.

deletion

The shifted single-stranded fragments were isolated, re-amplified

and directly sequenced on both strands. The following mutationdn ILS-079, the splice junction deletion was predicted to result
were found: (i) a dA>dG transition at nucleotide 446 in exon VI in an RNA splicing error, which we confirmed by reverse
for ILS-087, (ii) a dG=dT transition at nucleotide 817 in exon transcription-PCR (RT-PCR) analysis of lymphoblastoid RNA
VIl for ILS-016, and (jii) a 22 bp deletion at the exon IX—intronand sequence analysis of the mutant RT-PCR product. PCR using
9 junction from nucleotide 988 to 1002+7 for ILS-079 (Fig. 5a—c)¥orward primer LIS1(71)1001F, which anneals within exon VI,
None of these DNA changes were seen in 50 unrelated contralsd reverse primer LIS1(71)1329R, which anneals within exon
(data not shown). The mutation in ILS-087 causes a histidine ¥q yielded the expected fragment of 329 bp from the normal
arginine substitution at amino acid 149, whereas the mutationdonntrol, whereas two fragments of 329 and 227 bp were amplified
ILS-016 converts an arginine at amino acid 273 into a stop coddrom ILS-079 (Fig. 6A). Sequence analysis revealed that the
and would be expected to result in premature translati@ntire 102 bp of exon IX was missing from the 227 bp mutant
termination. fragment (Fig. 6B). The resulting mutant protein would therefore
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a) ILS-087 by ILS-016
normal allele normal allele
149 273
thr leu lys gly h;s thr asp ser lys ala glu leu ﬂ{g glu his glu
AGTCTTAAAG GACAT ACAGACTC] AAGGC u#;.-gr; lC!--‘-fﬂ"_-;f”\ GAG

mutant allele mutant allele
149 273
thr leu lys gly arg thr asp ser lys ala glu leu;top
= \J

AAGACTGAGCTCTGAGAGCATG AG

¢) ILS-079

exon/ intron junclion

normal allele

mutant allele

Figure 5.PartialLIS1genomic sequences comparing normal and mutant alleles of patients llap-0&#Q16 p) and ILS-079¢). The sequences shown for ILS-079
are of the antisense strand.

be expected to contain an in-frame deletion of 34 amino aci@®dSCUSSION

from position 301 to 334, since introns 8 and 9 flanking exon Xy, have characterized the structure ol 184 gene, and shown
interrupt the reading frame between codons (Fig. 2). that it consists of 11 exons. The average 150 bp size biSfe
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CTCTGEARGCAARCAGE ATCTGARGG TEGGTCATG ATARCTGGGTACGTGEG
120 130 140 150 160

i

Figure 6. RT-PCR analysis of lymphoblastoid RNA and sequence of a 227 bp mutant LIS1 cDNA product of patient ASA@Tlification results from a normal

control and patient ILS-079 after reverse transcription of their respective RNAs are in lanes 2 and 4 respectively. In addition to the expected normal cDNA pro
of 329 bp, a smaller mutant cDNA fragment of 227 bp is detected from ILS-079. PCR reactions performed on the same RNAs, but without prior reverse transcrip
are shown in lanes 3 and 5, respectively. Lane 1, 100 bp ladder size marker (Gibc®BRhg.gequence of the smaller cDNA fragment reveals loss of 102 bp
corresponding to exon IX of thdS1gene. Above the sequence, a schematic representation of the genomic structure of exons VIII, IX and X is shown. Exons a
depicted as open boxes, while lines represent introns. Solid squares and circle indicate normal or activated splice acceptors and splice donor, respectively. The po:
event leading to skipping of exon IX and generation of an aberrantly-spliced transcript is illustrated.

internal exons does not differ remarkably from the average sizeThe LIS1 gene encodes the 45K non-catalytic subunit of the
of 137 bp calculated for other vertebrates genes (13J.Hhkb  brain isoform of platelet activating factor (PAF) acetylhydrolase,
size of intron 1 is unusually large, and constitutes more than half enzyme which inactivates PAED). A low concentrzon of
the [BO kb size ot IS1 (7). Introns greater than 9 kb have beerPAF has been shown to induce neuronal cell differentiation in
reported in less than 2% of all vertebrate genes, but the unuscakture, while high concentrations are toxic, suggesting that
size of this intron may be relevant for its transcriptionakxtracellular PAF levels may be crucial for differentiation of
regulation, as already reported for other géh8s immature neurons and could affect their ability to initiate or

About one-third of ILS patients show deletions of 17p13.3 thatontinue migratiorf20). As the LIS1 protein is only onetsinit
include theL1S1gene, and we have localized the lissencephalgf a trimeric enzyme complex, hemizygosity of tH81 gene
critical region to th&lS1gene (9). We have now identified subtlemay lead to reduced levels of assembled, functional enzyme due
mutations withirLIS1in three ILS patients who otherwise showto decreased cellular concentrations of the LIS1 subunit. Since
no gross rearrangements of 17p13.3 okI8fL These results PAF has been shown to evoke a dose-dependent neuronal growtt
confirmLIS1as the causative gene for type 1 lissencephaly, ardne collapse, it is possible that reduced levels of PAF acetylhydro-
are compatible with the hypothesized molecular mechanism flaise allow an accumulation of PAF in the developing brain,
this disease, i.e. haploinsufficiency of the LIS1 protein resultingausing the widespread collapse of neuronal growth cones, and
from loss-of-function in one homolog. The point mutationresulting in the abnormal connectivity and blunted dendritic and
leading to a premature translation stop in ILS-016, and the 22 bBronal branching seen in this disord2L). Moreover, PAF
deletion of the exon IX—intron 9 boundary leading to an interstiti@cetylhydrolase may not be the only multi-subunit complex
34 amino acid deletion in ILS-079, are likely to be disease-causiogntaining the LIS1 protein, and it is possible that haploinsufficiency
mutations in these patients. The phenotype and MRI abnormalitissLIS1 protein may adversely affect other cellular processes
in patient ILS-079 are less severe than observed in most Ili8/0lved in neuronal migration. Interestingly, most of the
patients, which suggests that either the mutant protein retaicendidate genes for human haploinsufficiency disorders code for
some residual activity, or the splice site mutation is compatibleroteins that are part of intermolecular complexes which may
with production of some normal gene product. Examples dfave an exact stoichiome{32).
mutations abolishing the splice donor site and causing the exorMutations in other genes involved in neuronal migration
preceding the affected splice site to be skipped have been repodebrders have been described. Several missense mutations an
elsewhere (14-17). Man&t al (18) poposed that cooperative one nonsense mutation involving different regions of the
interactions between ribonucleoproteins (SnRNPs) may be involvedll-adhesion molecule L1 have been identified in patients with
in MRNA processing for exon identification, such that snRNPX-linked hydrocephalug23). Also, mutdions in the EMX2
are unable to bind efficaciously at a splice acceptor site unldssmeobox gene appear to be associated with severe open lip
they are also present at the splice donor site of the same exoschizencephaly (24).rAong five different mutations, one involved

In patient ILS-087, the histidine to arginine substitution insertion of an adenosine nucleotide within the homeobox, and two
(i) involves an amino acid nelsie that is conserved in the human,abolished a splice site. Missense, nonsense and frameshift
mouse and bovine proteins, (ii) produces aradical change in steriatations in th&AL-1gene have also been described in patients
hindrance due to the loss of a hymidazolic ring, and (iii) is natith X-linked Kallmann syndrome, which is characterized by
present in his parents. Therefore, the DNA substitution observigpogonadotropic hypogonadism and anos(gf&26). The
in this child is likely to be the disease-causing mutation. predicted KAL-1 protein shares significant similarity with
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neural-cell adhesion molecules, as well as with other moleculesAdditional primers were designed for sequencing of the c37E9,

involved in neuronal migration and axonal pathfindi2,26).  c120A7 and P1-326K8 clones to determine exon—intron boundaries
Research on the process of neuronal migration at the molecuf@able 2). Sequencing was performed commercially (SeqWright,

level has only begun. The molecular mechanism underlyingouston, TX), and all sequence information has been deposited

classical lissencephaly may shed further light in the understandiimgGenBank (accession numbers U72333-U72342).

of the overall neural migration processes.

Northern analysis

MATERIALS AND METHODS Probes A (252 bp) and B (322 bp) were PCR-amplified from LIS1
cDNA clone 71 using primer pairs LIS1(71)3648FA&CAAG-
CGTGTCTTCCCCTG-3/LIS1(71)3899R (5TCCAGGTTG-
Children with ILS are referred to the Lissencephaly ReseardGACGGACTGCTC-3) and LIS1(71)4846F/LIS1(71)- 5167R
Project on a regular basis. Medical records and brain imagifigable 1) respectively. PCR reactions were performed as above,
studies are gathered and reviewed with informed consent (B§th an initial denaturation at 9€ for 2 min, followed by 35
WBD) to confirm the diagnosis. When possible, blood sample®ycles of 94C for 45 s, 57C for 1 min and 72C for 1 min.
are obtained for molecular studies of the lissencephaly criticalAmplified products were separated on a 1.5% agarose gelin 1
region. In 30—40% of patients studied, cytogenetic abnormalitid®E. gel-purified using the Qiaquick-spin kit (Qiagen, Chatsworth,
have been detected by FISH analysis of metaphase spreads ffefd and labelled to high specific activity wita-f2PldCTP
lymphoblasts, using probes c37E9, c120A7 or PAC308F9 (9)sing the DECAprime Il random decamer labelling kit (Ambion,
The remaining ILS patients have had no detectable cytogenetigstin, TX). Probes were hybridized to an adult multiple-tissue
rearrangements; we have studied 19 of these patients in this stligin northern blot (Clontech, Palo Alto, CA) and subsequently
All 19 patients studied had classical lissencephaly and megshed according to manufacturer’s instructions.
diagnostic criteria for ILS, although the severity of the cortical
malformation varied slightly. Classical lissencephaly grade Southern analysis
consists of frontal pachygyria (broad gyri) and posterior agyri
(no gyri), while grade 4 consists of diffuse pachygyria onl
Patients ILS-016 and ILS-087 had classical lissencephaly gr .
3, profound mental retardation, and intractable epilepsy. Neithgfnd!!l. BamHl or Pst. Southern blot analysis was performed
was able to walk or communicate. Patient ILS-079 had classicdjcording to standard procedui@8). Hybidization probes

: ; ; e PCR-amplified from LIS1 cDNA clones 47 and 71, using
lissencephaly grade 4 which was more severe posteriorly, Sevgi%ner pairs LIS1(47)51F/LIS1(47)478R, LIS1(71)103F/LISI-
)

;gsvn\s\?(l)rrg;ardatlon, and epilepsy but was able to walk and us%’ 1102R and LIS1(71)874F{6GAAGTGC CTGGCT-
. ; CTGTG-3)/LIS1(71)1424R (STTTGATCTACGCCTGCC-
Genomic DNA was prepared from peripheral blood leukocyt GTG-3) (see Table 1 for other primer sequences). Reactions

using the Qiagen-Blood midiprep kit (Qiagen). RNA wa . o N
obtained from lymphoblastoid cells of patient ILS-079 usin%’?T:ienp?gﬁ%we%dbisé‘gg;’;’evg'g g?‘:'?c')tr'all ?rﬁrqaguorac“%: ?r?;;

standard techniqué¢27). DNA was also extracted from human-
rodent somatic cell hybrids containing only human chromoso

2 or 17, available from the NIGMS Human Genetic Mutant Ce
Repository (Coriell Institute for Medical Research, Camden, N
under the GM numbers 11712 and 10498, respectively.

Patient data and sample preparation

ight pg of genomic DNA from these patients and normal
a’g@ividuals was digested with the restriction enzyiedRl,
t

d 72C for 1 min. Prehybridizations and hybridizations were
erformed with Rapid-hyb buffer (Amersham, Arlington Heights,
) according to the supplier instructions. Final wash was ix 0.5
SC, 0.1% SDS at 66 for 30 min.

‘Cold’ SSCP analysis

) . Exons II-XI of theLIS1gene were screened for the presence of
LIS1 cDNA clones 71 and 47 have been previously described (Mwutations using a previously described non-radioactive SSCP
Cosmids, P1s and PACs usetlli81PCR and sequence analysesmethod (29) with nodifications. Briefly, primer pairs were

cDNA and genomic clones

have also been described (9). designed to anneal to intronic sequences flanking each exon. Each
exon was amplified from 100 ng of genomic DNA template in a
Gene structure characterization final reaction volume of 2fl, using standard PCR conditions as

described above, with the exception thaty/bof each primer
Primers corresponding to sequences of LIS1 cDNAs 47 and Whs used (see Table 3 for primer annealing temperatures).
were used to perform PCR analysis on 10 ng of DNA from Threepl of Qiagen-purified PCR product was mixed withl 3
c120A7, P1-326K8, or PAC-95HS6 in a preliminary screen for thef loading buffer containing 0.01% bromophenol blue, 0.01%
presence of introns (Table 1). PCR amplifications were carried/lene cyanol and 98% formamide. Samples were electrophoresed
out in a 5Qul final reaction volume containing 0.25 mM of eachat 200 V across 4—20% gradient polyacrylamide TBE precast gels
dNTP, 0.2uM of each primer and 1.25 U ®aqpolymerase in  using the Thermoflow Electrophoresis and Temperature Control
standard PCR buffer (10 mM Tris—HCI pH 8.3, 50 mM KCI,System (NOVEX, San Diego, CA) and a chilled buffer recirculator
1.5 mM MgC) and 0.01% gelatin). Reactions were performed ito maintain a constant gel temperature°d@ & 0.5°C. With the
a PE480 thermal cycler (Perkin Elmer-ABI, Foster City, CA)gxception of exon V samples, which were electrophoresed for 1.5 h,
with an initial denaturation at 9& for 2 min, followed by 35 all of the other samples were electrophoresed for 2 h.
cycles of 95C for 1 min, annealing for 1 min and°Qfor 2 min Gels were stained in ax1lsolution of SYBR Green Il
(see Table 1 for primer annealing temperatures). (Molecular Probes) for 10 min and bands were visualized using
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a 340 nm UV box. Whenever an altered band was observed,

Chong,S.S., Pack,S.D., Roschke,A\V. Tanigami,A.,, Carrozzo,R.,

genomic amplification and SSCP analysis were repeated on a Smith,A.C.M., Dobyns,W.B., and Ledbetter,D.H. (1997) A revision of the

second DNA sample, in order to rule datjpolymerase artifacts.

Non-shifted or shifted amplification products were sampledq
directly from the SSCP minigel, processed as desai#$dnd
subjected to 25 additional PCR cycles. Re-amplified products
were separated across a 1.5% agarose geliBE at 10 V/cm, 11
gel-purified, and sequenced on both strands.

12.
RT-PCR analysis of RNA from patient ILS-079

Five g of total RNA from patient ILS-079 or a normal control
were reverse transcribed using the Superscript Preamplificatio®
System kit (Gibco-BRL, Gaithursburg, MD) in a j20reaction
containing theL1S1-specific primer LIS1(71)1517R. Fiye of
reverse-transcribed product was then PCR-amplified usingdvD.5
each of the primers LIS1(71)1001F and LIS1(71)1329R ing 25
volume (see Table 1, and 3 for primer sequences). Amplifications.
were performed in a PTC-200 thermal cycler (MJ Research,
Watertown, MA), consisting of a ‘hot start’ of 9@ for 2 min, and
35 cycles of 94C for 1 min, 58C for 1 min, and 72C for 1 min.
PCR products were separated in a 2% agarose gelTiAH,
and the 227 bp mutant fragment was gel purified, subcloned into
pBluescript Il KS(+) (Stratagene, La Jolla, CA) atfheRV site,
and analyzed on an ABI 377 automated DNA sequencer (PerKifh
Elmer-ABI) using fluorescently-labelled M13 forward and
reverse oligonucleotide primers.

16.

18.
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