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Abstract Determination of left-right axisis a precocious
embryonic event, and all phenotypic anomalies resulting
from disruption of the normal lateralization process are
collectively referred to asthe lateralization defect. A trans-
genic mouse with lateralization defect and hepatic, kid-
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ney, and pancreatic anomalies has resulted from disrup-
tion of the inv gene by insertion of a transgene. The hu-
man ortholog is thus a good candidate for lateralization
defect in humans, in particular in cases with associated
hepatic anomalies. Here, we have identified, mapped, and
characterized the INV human gene and screened a series
of heterotaxic patients (with or without biliary anomalies)
for mutation in this gene. In a German family of Turkish
origin, we have found that all available affected and unaf-
fected individuals are heterozygous for a mutation in the
splicing donor site of intron 12 in the INV gene resulting
in two different aberrant splicing isoforms. This can be
explained either by a randomization of lateralization de-
fects or, as suggested earlier, di- or trigenic inheritance,
although we have been unable to detect, in this family, a
mutation in genes known to be involved in the human lat-
eralization defect (LEFTYL, LEFTY2, ACVR2B, NODAL,
ZIC3, and CFC1). In contrast to the mouse, the affected
individuals have no biliary anomalies, and the absence of
mutation in a series of seven cases with lateralization de-
fect and biliary anomalies demonstrates that INV is not
frequently involved in such a phenotype in humans.

Introduction

During embryonic development in vertebrates, the earliest
organ lateralization process is the looping of the heart
tube on the right side. This phenomenon represents only
part of the lateralization that corresponds to the asymmet-
ric positioning of all internal organs along the left-right
axis. For example, the mgjor lobe of the liver lies on the
right side of the abdomen, whereas the spleen and the
stomach are on the left side. About one person in 10,000
isborn with anomalies of the left-right axis determination.
For partial (situs ambiguus) or complete (situs inversus)
reversion of visceral organ position, we will hereafter re-
fer to any abnormal positioning of an organ as the lateral-
ization defect. The lateralization defect is often associated
with cardiovascular malformations, ciliary dyskinesia (re-
ferred to as Kartagener syndrome), hepatic, renal, or mid-
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line anomalies. The transmission mode of the lateraliza-
tion defect is heterogeneous. Exceptionally, it is X-linked
recessive (Mathias et al. 1987) or semi-dominant (Mikkil&a
et al. 1994; Gebbia et al. 1997), and the gene ZIC3 isin-
volved in severa of these families (Gebbia et al. 1997).
Surprisingly, non-penetrance in a male carrying a muta-
tion in ZIC3 has been demonstrated for the first time in
X-linked inheritance (Mégarbané et al. 2000). This gene
codes for a peptide with five putative zinc finger domains,
and mutation in ZIC3 are often associated with the trans-
position of the great arteries (Gebbia et al. 1997; Mégar-
bané et al. 2000), suggesting that it might be the genetic
factor for this cardiac malformation, which affects twice
as many boys as girls. In rare families, inheritance of the
lateralization defect is autosomal dominant (Chen and
Monteleone 1977; Niikawa et al. 1983; Alonso et al. 1995;
Lindor et al. 1995; Casey et a. 1996; de Meeus et al. 1997).
So far, the most common inheritance mode of the lateral-
ization defect is thought to be autosomal recessive (Bow-
ers et a. 1996), athough this has never been demon-
strated at the molecular level, despite considerable effort
in screening for mutation in several genes with asymmet-
ric expression during embryonic development: ZIC3
(Gebbia et a. 1997), NODAL (Gebbia et a. 1997),
LEFTY1 (Kosaki et a. 1999a), LEFTY2 (Kosski et d.
1999a), ACVR2B (Kosaki et a. 1999b), and CFC1 (Bam-
ford et al. 2000). Only heterozygotes or, exceptionaly,
double heterozygotes have been found suggesting that au-
tosomal recessive inheritance might be rare compared
with double (or triple) heterozygotes (Casey 1998).

For a better understanding of the molecular mecha-
nisms involved in the determination of left-right axis, an-
imal models are important. Several mouse lines are af-
fected by lateralization defects, in particular, iv (inversus
viscerum) and inv (inversion of the embryonic turning).
The transmission mode is autosomal recessive, and pene-
trance varies depending on the mutation. The mutated
genes are, respectively, the lrd gene (left right dynein), en-
coding adynein heavy chain and mapping to murine chro-
mosome 12 (Supp et al. 1997), and the inv gene mapping
to murine chromosome 4 (Mochizuki et al. 1998). Mice
homozygous for the inv mutation have lateralization de-
fects, heart malformations, dilated tubules of kidneys, and
anomalies of the hiliary tract resulting in severe jaundice
(Yokoyama et al. 1993). Although the precise role of the
inv protein is not yet known, it is a good candidate for the
lateralization defect in humans. In this report, we present
the identification of the INV gene in human, its genomic
organization, tissue expression, chromosoma mapping,
and mutation screening in patients with various anom-
dies, including lateralization defects, heart malforma-
tions, and hiliary tract anomalies. Only an affected brother
and sister were found to be heterozygous for a splicing
site mutation, athough this mutation was also found in
two normal siblings and both consanguineous parents.

Materials and methods
MRNA experimentations

A human fetal brain cDNA library (Clonetech) was screened with
full length mouse inv cDNA. A positive clone (H2C) was obtained
and sequenced. The human fetal brain and a human kidney cDNA
libraries were then screened with human clone H2C. Two addi-
tional clones were obtained (714.2b and HK904-8). To obtain the
5" and 3’ ends of human INV cDNA, rapid amplification of cDNA
ends (RACE) was performed with the kidney cDNA library and
the Life Technologies kit.

The updated human INV cDNA sequence identified in this
study is available in databases under accession no. AF039217.
Multiple-tissue human fetal and adult Northern blots (Clontech)
were hybridized with the 2.0-kb fragment from pH2C, which was
labeled by random priming (Primeit Il kit, Stratagene) with
32P-dCTP. Membranes were hybridized with a probe in express
hybridization buffer (Clontech) at 60°C overnight, washed in
0.5xSSC (1xSSC=150 mM NaCl, 15 mM sodium citrate, pH 7.0)
at 60°C, and then exposed.

Human bacterial -artificial -chromosome genomic clones

Bacteria artificial chromosome (BAC) clones were obtained from
Genome systems (St. Louis, Mo.). Clones H2C and HE904-8 were
used as probes. BAC clones 211(K10) and 257(H3) were positive
for probe H2C, and BAC clones 179(B22), 176(03), and
211(K10) were positive for probe HK904-8. The genomic struc-
ture of the gene was determined by (1) building a restriction map
of the BAC clones, (2) cloning and partial sequencing of fragments
containing coding sequences, and (3) taking into account the struc-
ture of the mouse inv gene. Later, these data were confirmed by
comparing the cDNA sequence of INV with the human genomic
sequence obtained by a homology search with BLAST in a ge-
nomic databank (Centre de Ressources INFOBIOGEN, http://
www.infobiogen.fr/srs/). Exon positions were derived by a com-
parison between the cDNA and genomic sequences with the soft-
ware cross_match (P. Green, University of Washington).

Mapping of the human INV gene by fluorescence
in situ hybridization

R-band human chromosomes were prepared from lymphocytes of
a healthy male (Viegas-Pequignot and Dutrillaux 1978; Takahashi
et al. 1990). Human BAC clones were |abeled by nick-translation
with biotin-16-dUTP (Roche) as reported previously (Takahashi et
al. 1991) and used as a probe for fluorescence in situ hybridization
(FISH). Background signals were reduced by competition with hu-
man genomic sequences added to the hybridization solution. Stan-
dard FISH methods (Lawrence et al. 1988) were performed with
some modifications (Takahashi et al. 1991) including afinal stain-
ing with propidium iodide. The slides were observed by using a
Nikon OPTIPHOT-2-EFD2 microscope (B-2A filter for R-bands,
UV-2A filter for G-like-bands) and photographed on Fuji chrome
film (Sensia, ASA100).

Mutation screening

Blood samples were obtained after informed consent. To search
for mutations in INV, 15 of the 16 coding exons of the gene were
amplified by the polymerase chain reaction (PCR) with a single
pair of intronic primers (Table 1). Exon 14 (the longest) required
four pairs of overlapping primers (HINV 14-1F/R to HINV 14-4F/R).
Amplified fragments were electrophoresed by single-strand con-
formation polymorphism (SSCP) at 7°C and 20°C on a 10% acryl-
amide gel (acrylamide/bisacrylamide: 29/1) with 1XTBE buffer
(0.09 M TRIS-borate, 0.002 M EDTA, pH 8.3) at 16 mA per gel,
for 2 h 30 min to 6 h (depending on the size of each fragment).
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Forward Sequence Reverse Sequence Product
primer primer size (bp)
HINV2F TGCTAAGAAGACTATGAAC HINV2R AACTTCCTCAGGACAAAC 177
HINV3F TATCACTATCTGTTTCTTATCC HINV3R ACATCACACAAAACATTTACTC 240
HINV4F GACCCCATAGTACATTTTTTTC HINV4R TTAGTCTTTGATTTTGAGTATCC 250
HINV5F TATGTCTGAAGTCTCTGGTTCC HINV5R GTTCCTTTTACTGTTGATCCTTTG 247
HINV6F TATGTCTGAAGTCTCTGGTTCC HINV6R GTTCCTTTTACTGTTGATCCTTTG 247
HINV7F TTACCTTTTTGTGTCTTTTCTC HINV7R AGCATTGTCTTGTTTTACTTAC 156
HINV8F GAAAATACTACTGTTTTGTCTCC HINV8R ATGAAAGCAAATTGAATGTGTCC 256
HINVOF GTTCATCACTTTCTGTTGG HINVOR TGTACTTGTGCAGCTTTC 291
HINV 10F CTCCTACTCATTTTAATAAAAGC HINV10R AGCAAACAATATAGAAAAGACAG 321
HINV11F ACTTACTCCAGATGTACTTG HINV11R AGCCATCTCAAAAAAAAAAAAAAAAGTC 188
HINV12F AAAAGAATCTTCCTCCCAC HINV12R TGGCGAAAACGCAATCTG 271
HINV13F CTTCTTTGGCTTTGCTTC HINV13R GATGACAAAGGCAATACAC 328
HINV14-1F GGAAAATTATCCTACTCTGCAAG HINV14-1R CTTCCAGTGGCTATCGTG 313
HINV14-2F TGATGAGAAAGGAGAGGACTCCAG HINV14-2R GTGCTCTGTGGCAAATGTGAATAG 297
HINV14-3F AAT CCT CCC CAC CAT CGT ACAC HINV14-3R GATGACTGCTGCTGCCTTGTTC 299
HINV14-4F CCTGTCCGAGGACTTTCAGGTATC HINV14-4R CAGTAACAAAGAACCACAGATGCG 233
HINV15F ATCTTAAAGCCTCTCCTC HINV15R GAACTACAAAGTAGGCAG 309
HINV 16F AAAGCCTCTCCTCTCCTCTG HINV16R CATGAGACCCCCATGAACAC 238
HINV17F TCAACACCAATGAACTATTCCC HINV17R GATTATCAGCAGAAAATCTGAAC 256

When bandshifts were identified, the corresponding PCR products
were sequenced in both directions.

The splicing defect was tested on lymphocyte RNA extracted
with Promega’ s kit (reagent total RNA isolation system). Reverse-
transcription/PCR (RT-PCR) was carried out with SuperScript 11
RNAse H-reverse transcriptase (Life Technologies) and primer
5-AGC AGA AAG GAA ACA TTC TGA C-3', which hybridizes
in the 3'-untranslated region (3'-UTR), to obtain the first cDNA
strand, and primers 5-ACA AGG TCA GAA AAG CCT TC-3
(sense) and 5-GAT CTC TCC TTT CTC ATC AG-3' (antisense),
which hybridize to exons 12 and 14, respectively, to amplify the
fragment (hybridization temperature: 54°C). PCR products were
run on a 1.3% agarose gel. The two small aberrant bands were gel-
purified and cloned in a pGEM-T vector system (Promega); at
least five clones were sequenced.

LEFTY1, LEFTY2, NODAL, ACVR2B, ZIC3, and CFC1 were
amplified by PCR from genomic DNA (primer sequence available
upon request), and mutation screening was performed by SSCP
and eventually PCR sequencing when band shifts were evidenced.

Results

Identification and characterization
of the human INV gene

By screening human kidney and fetal cDNA libraries with
a probe of mouse inv cDNA, three clones were recovered
that overlapped: 714.2b, HK904-8, and H2C (Fig. 1A). To
obtain the 3’ and 5 ends of the cDNA, extension was car-
ried out by RACE. Two additional cloneswere obtained at
the 3 and 5" ends: HK8, HK9, and HR13, HR14, respec-
tively. The entire open reading frame with the 3'-UTR and
some 5'-UTR were sequenced. The first exon is non-cod-
ing. The INV cDNA contains a 3195-bp open reading frame
coding for 1065 amino acids (Fig. 1B). The gene is com-
posed of 17 exons, of which 16 are coding exons (Fig. 1C).
All donor and acceptor sitesare GT and AG, respectively.

The gene covers about 100 kb with several introns of 10 kb
or more.

A stretch of 16 ankyrin repeats was noted at the N-ter-
minal part of the open reading frame starting at residue 13
(schematically represented in Fig.1B). The carboxy-ter-
minal half of the peptide contains two transcriptional fac-
tor interaction sites, named 1Q, and a pair of nuclear lo-
calization signal-bipartite (NLS-BP; Fig. 1B). The ankyrin
repeat is composed of about 33 residues some of which
are highly conserved, whereas others are variable. These
16 repeats are aligned beneath the consensus ankyrin re-
peat in Fig.2 (PROSITE, Database of Protein Families
and Domains, http://www.expasy.ch/prosite). The conser-
vation of residue sequence is extremely high between
mouse and human in the ankyrin region over a stretch of
545 amino acids (similarity 100%, identity 97.7%; Fig. 3).
This homology confirms that we had selected the methio-
nine corresponding to the correct initiation of translation
(Mochizuki et a. 1998). The high homology extends to
thefirst IQ and NL S domains (100% homology). The car-
boxyl-terminal end of the peptide is much less conserved,
although some short stretches of identities suggest do-
mains of unknown functions.

INV isexpressed at low level in awide range of tissues
as can be seen on Northern blots (Fig.4). Besides a band
of about 4.2 kb, some tissues present a shorter band of
about 3.5 kb. This band, which might correspond to a
splicing isoform, is the strongest in liver.

Chromosomal mapping of the human INV gene

Among 25 human (pro)metaphase cells hybridized with
the probe and microscopically observed, al cells revealed
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Fig.1A-D Schematic presentation of human INV gene. A cDNA
clones obtained by screening human kidney and fetal libraries with
the inv mouse probe and extension of initial clones with RACE.
B Domains encoded by INV: rectangle with vertical stripesankyrin
domains, rectangles with checks 1Q domains, oblique stripes nu-
clear localization signal-bipartite domains. C Genomic structure of
the human INV gene. Numbers Exon size in nucleotides, open rec-
tangles non-coding regions, filled rectangles coding regions. The
17 exons are represented (including the first non-coding exon)
with the intronic sequence approximately to scale. D BAC clones

symmetrical double spots on both chromosomes 9 at band
022.3-g31.1 (Fig.5). No other prominent spots were ob-
served. Thus, we conclude that the human gene encoding
INV is located on human chromosomal region 9g22.3-

g31.1. This FISH mapping is in agreement with the hu-
man genomic sequence, since the contig NT_008513,
which contains the INV gene, is located in 9g31. Thisis
also consistent with inv mapping to the mouse syntenic re-
gion of chromosome 4.

Mutation screening in heterotaxic patients

We screened 65 patients with the lateralization defect (si-
tus inversus totalis or situs ambiguus) for mutation in the
human INV gene. In this series, 19 individuals were born
to consanguineous parents, and 19 were familial cases. In
addition to the lateralization defect, 44 had various types

Fig.2 Alignment of the 16 XGX TPLHX AAXX GHXXX V/AXX LLXX GAXX N/DXXXX
ankyrin repeats of INV. Top
e et X von o = A—— 77700 >
conserved residues, X non-con-
served residues, arrowheads
and rectangles B-hairpins and SLA SQVHA AAVN GDKG ALQR LIV GNSALKDKE DO 46
a-helices that are characteristic =~ FGR TPLMY CVL  ADRLDC ADA LLKA GADVNKT DH 79
of the ankyrin repeat architec-  SQR TALHL AAQK GNYRF MKL LLTR RANWMQK DL 112
ture, respectively. The 16 EEM TPLHL TTRH RSPKC LAL LLKF MAPGEVDTQ DK 147
ankyrin repeats of INV are NKQ TALHW SAYY NNPEH VKL LIKH DSNIGIP DV 180
ir%r;drggiéﬁigghgéﬁ EGK IPLHW AANH XDPSA VHT  VRCI LDAAPTESLLNWQ DY 219
Position of the last residue in EGR TPLHF AVAD GNVIV VDV LTSY ESCNITSY DN 253
each of the tandem repeats LFR TPLHW AALL GHAQI VHL LLER NKSGTIPS DS 287
OGA TPLHY AAQS NFAET VKVF LKH PSVKDDS DL 320
EGR TSFMW AAGK GSDD VLRTM LSL KSDIDINMA DK 355
YGG TALHA AALS GHVST VKL LLEN NAQVDAT DV 388
MKH TPLFR ACEM GHKD VIQT LIKG GARVDLV DO 421
DGH SLLHW AALG GNAD VCQI LIEN KINPNVQ DY 454
AGR TPLQC AAYG GYINC MAV LMEN NADPNIQ DK 487
EGR TALHW SCNN GYLDA IKL LLDF AAFPNQMEN NE 522
ERY TPLDY ALL GERHE VIQF MLEH GALSIAAIQ DI 557
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Fig.3 Comparison of deduced amino acid sequences of human whereas NLS-BP domains have open arrowheads. Gaps intro-
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ground, similar residues are shaded. The 16 ankyrin tandem re-  Sequence Similarity Search). Note the very high conservation in
peats are marked by horizontal bars. |Q domains are marked with  the first half of the peptides including the whole ankyrin region
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Fig.4 Northern blot of adult tissues hybridized with the INV
cDNA probe. A faint band at about 4 kb is evident in most tissues.
Note that liver has a shorter band suggesting a splicing isoform. As
a control, the same blot was hybridized with a (3-actin probe (be-
low). The positions of bands of known sizes are indicated left

INV

Fig.5 FISH showing localization of hybridization signal to both
chromosomes 9 in metaphase spreads. Right Ideogram of human
chromosome 9 showing the mapped position of the INV gene (ver-
tical bar)

of cardiac malformations, 14 had ciliary dyskinesia of the
respiratory tracts, and seven had extra-hepatic biliary atre-
siawith polysplenia. This later group was phenotypically
similar to the inv transgenic mouse.

Mutation screening was carried out by SSCP and se-
guencing. We found two polymorphisms in the coding se-
quence of the INV gene and located in exon 14. a 2402
(G- A) transition changing a Gly at position 801 to a Glu

(GGA to GAA), and a 2412 (C-T) transition with no
amino acid change (TCC to TCT, Ser). These variations
were considered as polymorphisms because they either
changed a mouse-to-human non-conserved amino acid or
did not change the translated amino acid. Moreover, they
were present on control DNAs. One mutation was present
in a Turkish family living in Germany (Fig.6A). Five
children were born to consanguineous healthy parents.
A girl presented with situs inversus, ventricular septal de-
fect, and L-transposition of the great arteries. Her younger
brother had situsinversus, atrial and ventricular septal de-
fects, and partiadl anomalous pulmonary venous return.
Another child died from unknown causes. The mutation
disrupts the consensus donor site of exon 13 (2069+2,
T - C; Fig.6B). This mutation was confirmed by digest-
ing the PCR product with BspMI, arestriction site specific
to the defect. Splicing was tested on lymphocyte mRNA
from each family member from whom Iymphocyte
MRNA was available. In addition to the expected band,
two additional bands were observed in the two unaffected
children (112, 114) and their affected brother (115; Fig. 6C).
Unfortunately, no RNA was available from the parents or
one affected child (113), but it is expected that they had the
same splicing pattern. These two aberrant splicing bands
were cloned and sequenced. They result from the skipping
of exon 13 and the skipping of exon 13 and part of exon
14 with a spurious AG acceptor site (Fig.6D). In both
cases, the aberrant splicing leads to a frameshift and rapid
occurrence of astop codon. These frameshifts truncate the
first 1Q domain and remove both NLS-BP motifs and the
second |Q domain. Exon 12 and beginning of exon 14 to-
gether with flanking intronic sequence were checked by
PCR sequencing in both directions to ensure that no other
mutations could account for these aberrant splicings. Sur-
prisingly, both affected children were heterozygous for
this mutation, and the normal allele produced a normal
MRNA band (Fig. 6C). No other mutation could be identi-
fied in INV. Moreover, both parents and the two normal
children were also heterozygous for this mutation. None
of the 150 control individuals tested had such a mutation.
Since di- or trigenism might be involved in the lateraiza-
tion defect, we screened for mutation genes that are
known to be associated with the lateralization defect in
humans:. ZIC3 (Gebbiaet al. 1997), NODAL (Gebbiaet al.
1997), LEFTYL, LEFTY2 (Kosaki et a. 1999a), ACVR2B
(Kosaki et al. 1999b), and CFC1 (Bamford et a. 2000). No
mutation was found in either of the two affected children.

Discussion

INV codes for a peptide with an N-terminal half that con-
tains 16 ankyrin repeats. Ankyrin is one of the most com-
mon protein sequence motifs. The discovery of 24 copies
of this sequence in the cytoskeletal protein ankyrin led to
the naming of this motif as the ankyrin repeat (Rubtsov
and Lopina 2000). The role of ankyrin repeats in mediat-
ing protein-protein interactions has been well documented
(Sedgwick and Smerdon 1999). Nevertheless, there is a
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Fig.6 A Pedigree of the family. Parents are first degree cousins.
Filled symbols Children with lateralization defect and heart mal-
formations. B Sequence electrophoregrams of a control DNA (top)
and an affected child 113 (bottom). Upper case Coding nucleotides,
lower case intronic nucleotides, n position at which family mem-
bers were T/C heterozygous. C RNA extracted from transformed
lymphocytes was used for RT-PCR. Primers for PCR are in exons
12 (sense) and 14 (reverse). Left Sizesindicated in base pairs. SM
Size marker (a 100-bp ladder), 112, 114, 115 pedigree positions as
above, C control RNA, N RT-PCR with no RNA, G RT-PCR with
genomic DNA. A normally spliced product (572 bp) together with
additional bands were observed. The shortest bands were gel-puri-
fied, cloned, and sequenced: the 288-bp band corresponds to exon
13 skipping, the 239-bp band corresponds to skipping of exon 13
and 49 bp of exon 14 where an AG is utilized as a cryptic acceptor
site. The ratio of the normal band to the additional bands varied
from one amplification to the other, but the smallest bands were al-
ways present in mutant carriers and never in non-mutant carriers.
D Scheme of the various splicings. Star Position of the mutation
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considerable variation among ankyrin motifs. Not only is
the number of repeats within any one protein highly vari-
able (from 1 to more than 20), but also ankyrin repeats
can sustain a considerable variety of amino acid substitu-
tions and residue insertions between or within repeats. As
a conseguence, the length of a repeat varies from one re-
peat to the other, as can be seen in Fig.2. In any case,
ankyrin repeats consist of pairs of antiparallel a-helices
stacked side by side and connected by intervening [3-hair-
pin motifs. This assembled structure has been compared
with a cupped hand with the B-hairpins forming the fin-
gers and the a-helical bundle forming the palm. It is note-
worthy that the ankyrin motif is highly conserved between
mouse inv and human INV suggesting that the interaction
with the partner protein is highly specific and that the in-
teracting domain of the target molecule is aso highly in-
terspecies-conserved. From the various domains of INV, it
can be speculated that INV is a component of a molecular
complex aimed at controlling the transcription of other
genes. Nevertheless, its activity is not restricted to lateral-
ization determination, sinceit is expressed at low levelsin
a large number of adults tissues. Curioudly, the 1Q do-
mains bind calmodulin, a calcium-binding peptide. More-
vover, the binding of calmodulin to the distal 1Q domain
is critical for normal lateralization, since the absence of
binding resultsin randomized left-right asymetry in Xeno-
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pus embryos (Y. Yasuhiko, F. Imai, K. Ookubo, Y. Taka-
kuwa, K. Shikawa, T. Yokoyama, personal communica-
tion). Although inv has two NLSs, transfection assay has
shown that the protein is localized in the cytoplasm
(Yokoyamaet a. 2001). More experiments are required to
complete our understanding of INV functions and its
binding partners, in particular those that interact with the
ankyrin domains.

They are several lines of evidence that support the hy-
pothesis that the splicing defect identified in this consan-
guineous family is causally involved in the lateralization
defect. First, we have demonstrated that this variation is
responsible for two aberrant splicing isoforms. The result-
ing truncated protein retains its binding capacity, since the
ankyrin repeats are untouched, but both NLS-BP and the
distal 1Q motifs are lost. If this peptide is synthesized, it
could still trap the interacting molecule. Second, this se-
guence variation has not been observed in alarge series of
controls that include several natives from Turkey. It is
however confusing that al family members are heterozy-
gous for the same mutation when only two have overt
phenotypic anomalies. We cannot totally rule out that a
minor lateralization defect has remained undisclosed after
the clinical examination, electrocardiograph, and chest
X-ray that al family members have undergone. None of
them have reported respiratory or renal problems that
could be evoked by the presence of ciliary dysfunction or
renal cysts. Incomplete penetrance in the lateralization de-
fect has previously been documented in amale carrying a
nonsense mutation on his unique ZIC3 gene copy (ZIC3is
on chromosome X), whereas his two nephews carrying
the same mutation died from severe malformations (Mé-
garbané et al. 2000). Penetrance might be controlled by
other genetic factors; therefore, we have screened all the
genes previously implicated in human lateralization de-
fects. None of these genes had any anomaly. Other genes
involved in ciliary biogenesis and function, such as Kif3A,
Kif3b, Ird, and polaris, were not tested, although defects
in these genes affect node monocilia vortexing in the
mouse, a process essential for the proper migration of fac-
torsinitiating lateralization.

So far, it can be speculated from this work and previ-
ous reports (Gebbia et al. 1997; Kosaki et al. 19993,
1999b; Bamford et al. 2000) that autosomal recessive in-
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heritance in lateralization defect israre. In animal models,
including iv (Hummel and Chapman 1959) and inv
(Yokoyama et al. 1993), and in humans when lateraliza-
tion defect is associated with primary ciliary dyskinesia
(Kartagener syndrome; Guichard et al. 2001), lateraiza-
tion defects may be inherited as an autosomal recessive
trait. In contrast, the mutation screening of candidate
genes in a large series of lateralization defect in humans
has failed so far to find evidence of such a transmission
mode (this report; Gebbiaet al. 1997; Kosaki et al. 19993,
1999b; Bamford et al. 2000). In this respect, it is surpris-
ing that we have not been able to find evidence for a mu-
tation in the INV gene, even in a series of patients who
have, as in the inv transgenic mouse, hepatic and hetero-
taxic anomalies. Di- or trigenism has been suggested to be
the underlying inheritance mode in humans (Casey 1998)
and there is some evidence from mouse (Collignon et al.
1994) and humans (Gebbia et al. 1997) to support this hy-
pothesis. This mode of inheritance is also responsible for
vertebral anomalies in Hox genes. For instances, com-
pound heterozygotes (hoxa-3- /hoxa-3*; hoxd-3- /hoxd-3*)
show a more severe mutant phenotype at higher pene-
trance than mice heterozygous for the hoxd-3- mutation
alone (Condie and Cappechi 1994). Moreover, hoxb5 and
hoxb6 transheterozygotes (hoxb-5- hoxb-6*/hoxb-5* hoxb6-)
show evidence of nonallelic noncomplementation, since,
for the specification of a particular region of the mam-
malian vertebral column, compound heterozygosity has
the same consequence as homozygosity for one or the
other gene (Rancourt et al. 1995). In humans, familial
cases of digenism are rare. It has been reported in retinis
pigmentosa (Kajiwara et a. 1994) and Waardenburg type
2 ocular abinism (Morell et a. 1997). Interestingly, in re-
tinitis pigmentosa, evidence from family trees mimics au-
tosomal dominant or recessive inheritance (Kgjiwaraet al.
1994). If we make the assumption that the lateralization
defect in the family reported in this work results only
from genetic factors, then at least three genetic factors
ought be implicated. Since a girl is affected but not her
mother, an X-linked factor in combination with an INV
mutation cannot resolve this pedigree, because this
X-linked factor would be presumably transmitted from
the mother to the affected daughter, so that mother and af -
fected daughter would have the same genotype. A second
autosomal factor cannot resolve the problem in combina-
tion with the INV mutation, because one of the parent
would have the same genetic factors as the two affected
children, but be normal. Trigenism would be consistent
with the pedigree: both parents carry a different predis-
posing factor in addition to the common INV mutation,
and the lateralization defect results from triple heterozy-
gosity. Alternatively, consanguinity could favor homozy-
gosity of a mutant allele in a gene referred to as suppres-
sor gene with no phenotypic consequence as long as a tar-
get gene has no mutation. A single mutant alele of this
target gene would have no phenaotypic consequence unless
the mutant suppressor alele is present in two copies. This
concept has previously been proposed by Beckmann
(1996) and referred to as “the Réunion Island paradox”

(Beckmann 1996). In this hypothesis, the INV gene would
be the “target” gene.

In addition to environmental and genetic factors, other
undisclosed factors might underpin phenotypic variability,
as suggested by the mouse with the iv mutation in Ird.
Mice homozygous for the iv mutation express a consider-
able variety of phenotypes ranging from total reversal of
asymetry to acompletely normal phenotype and including
situs ambiguus (partial reversal of asymetry) (Hummel
and Chapman 1959). This wide spectrum of phenotypesis
obtained in a homogeneous environment and genetic back-
ground, suggesting that some natural process generates
variability, independent of environmental and genetic fac-
tors. This processis thought to be randomization, because,
in the absence of a coordinated molecular determination
of lateralization, organ positioning would be randomized.
This could explain why two out of six members of our
Turkish family (and perhaps even seven members if the
common mutation-carrying ancestor is included) have
anomalies.
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