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Summary  Heterotaxia is a congenital lateralization defect of  visceral 
organs. As several single-genes that act on the formation of left-right 
asymmetry during embryogenesis have been identified in animals, a defect 
in the similar system may play a role in heterotaxia in man. We previous- 
ly reported a Japanese girl with heterotaxia associated with a de novo 

balanced translocation (6;18)(q21 or q22;q21.3 or q22). In the present 
study, based on a hypothesis that one of the putative situs-determining 
genes is disrupted at a breakpoint  of  the translocation, we first isolated a 
yeast artificial chromosome (YAC) clone covering a breakpoint,  6q21 (or 
q22) of  the translocation. Then, using STSs mapped on the YAC, we 
isolated bacterial artificial chromosome (BAC) clones spanning the 
breakpoint .  FISH analysis using the BAC clones as probes revealed that 
the breakpoint  is confined to a segment between two STS loci, WI-4066 
and the CHLC.GATA6B06.192,  within a genetic distance of 1.4 cM. The 
human connexin43 gene was not disrupted in our patient, although 
mutations of  this gene have been reported in patients with complex heart 
disease and heterotaxia. The molecular localization of the translocation 
breakpoint  in our patient may contribute to the positional cloning of  a 

putative heterotaxia gene. 
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INTRODUCTION 

Heterotaxia is a lateralization defect with an incidence of about one in 10,000 
persons (Torgersen, 1949), and characterized by an inverse position of  thoracic 
and /or  abdominal  organs, occurring in early embryonic development. It is often 
associated with complex heart diseases. Different inheritance patterns of  heterotax- 
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ia, including autosomal recessive, autosomal dominant,  and X-linked recessive 
modes, suggest that the normal formation of  left-right asymmetry is determined by 
multiple genes. Although genes or loci, such as cAct-RlIa,  Shh, cNR-1, nodal, 
lefty, inv and iv, have been identified to play important roles in the determination 
of the left-right asymmetry in the chicken and /or  murine (Levin et al., 1995; Meno 
et al., 1996; Coll ignon et al., 1996; Lowe et al., 1996; Brueckner et al., 1989; 
Yokoyama et al., 1993), it remains to be seen whether defects of their human 
homologs are causative for heterotaxia. The human connexin43 gene (GJA1)  has 
recently been noted as a cause for one type of heterotaxia. GJA 1 mutations were 
identified in 6 of  30 patients with complex heart diseases and heterotaxia (Britz- 
Cunningham et al., 1995). However, as similar studies by two other groups failed 
to identify any mutations in a total of  40 patients (Casey and Ballabio, 1995; Splitt 
et al., 1995), contr ibution of GJA1 to the diseases remains still unconfirmed. 

We previously reported a sporadic case of heterotaxia associated with de novo 
balanced translocation: 46,XX,t(6;18)(q21 or q22;q21.3 or @2) (Kato et al., 1996). 
We hypothesized that a putative situs-determining gene is disrupted in the patient 
by the translocation. This paper deals with a molecular mapping of a breakpoint 
(6q21 or q22) using a yeast artificial chromosome (YAC) clone and its correspond- 
ing bacterial artificial chromosome (BAC) clones. As GJAI  was assigned at 
around the breakpoint  (Kato et al., 1997), we also investigated on whether the 
gene is disrupted in this patient. 

MATERIALS AND METHODS 

Isolation o f  Y A C  clones. According to a YAC contig map by Centre 
d 'Etude du Polymorphisme Humain (CEPH) (Chumakov et al., 1995), 33 CEPH- 
YAC clones were chosen from a region covering a breakpoint, 6q21 or q22, of  a 
translocation in the patient. AIu-PCR was performed as described previously 
(Kuwano et al., 1992). DNA from each YAC was amplified for 30 cycles with 
denaturation at 94°C for 1 min, annealing at 55°C for 1 min and extension at 72°C 
for 4 rain, using the primers (5'-3'): 2484, A G G A G T G A G C C A C C G C A C C C A G -  
CCC and PDJ34, T G A G C ( C / T ) ( G / A ) ( A / T ) G A T ( C / T ) ( G / A ) ( C / T ) ( G / A ) C C -  
A ( C / T ) T G C A C T C C A G C C T G G G .  The PCR products were combined and used 
for fluorescence in situ hybridization (FISH) analysis. 

Isolation o f  B A C  clones. A human BAC library (Research Genetics, USA) 
was screened by means of  PCR, according to the manufacturer's protocol. Five 
sequence-tagged-site (STS) primers that are corresponding to or near the YAC 
798G12 (Hudson et al., 1995) were used. Sequences (5'-3') of  forward/reverse 
primers are as follows: C H L C . A T A  16B01, C A G T T T G T T C A G A A A T T A A A A A -  
C G / C A A T C T C A C T A T A A A C C T G A C C G ;  WI-1240, C C A T A A A A T C C A A C -  
C A T G G A / T C A T G A A G G G C A C A C A T A T G ;  WI-4066, T C T G T G C A A A C C A -  
C C A T C A T / G A G A G C A T T G G G T T C T G T A A G C ;  CHLC.GATA6B06.192, TC- 
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C A G G T T G C T G A A A A A G A C / C A A T T G C A A G G A T A C G G A A C ;  WI-4792, 
C T C A A A C A T G A T A G C C A A A A G C / C C A C C C A T C C A T C T A C C A A A .  PCR 
was 30 cycled at 94°C for 30 sec, at 55-63°C for 30 sec and at 72°C for 30 sec using 
GeneAmp System 9600 (Perkin-Elmer, USA). 

Fluorescence in situ hybridization (FISH). Chromosome preparations were 
made from peripheral blood and EB-transformed lymphoblasts. Isolated YAC or 
BAC clones were labeled with biotin-16-dUTP (Boehringer-Mannheim, Germany) 
by nick-translation. FISH was performed using human Cot I DNA as a competi- 
tor, and FISH signals were detected with FITC-avidin (Boehringer-Mannheim) as 
described previously (Ohta et al., 1993). 

Southern blot hybridization. In order to try to detect rearranged GJA1- 
fragments that would be associated with the translocation in our patient, Southern 
blot analysis was performed. Genomic DNAs from the patient and from six 
karyotypically normal individuals were digested with EcoRI or HindIII, separated 
on an agarose gel, and transferred to nylon membranes. A GJAl  probe designed 
to cover 86% of the entire sequence of GJAI-cDNA (Fishman et al., 1991) was 
generated by PCR using the following primer pair (5'-3'): GJAIf ,  A C T G G A G C -  
G C C T T A G G C A A A ;  GJAlr ,  C T A G A T C T C C A G G T C A T C A G .  The probe was 
hybridized to the DNA at 65°C. 

RESULTS 

FISH analysis on normal metaphase chromosomes revealed that 22 of 33 
YAC clones gave signals on the long-arm of homologous chromosomes 6, while 
the remaining 11 had no signals. Eleven of  22 clones were chimeric or have Alu 
sequences, and showed additional signals on other chromosomes. When using the 
patient's chromosomes, 9 clones gave signals on both the normal chromosome 6 
and the der(6) chromosome, and 12 clones on both the normal and der(18) 
chromosomes, indicating that they are mapped proximal and distal to the break- 
point, respectively. Only one clone, 798G12, gave FISH signals on both der(6) and 
der(18) chromosomes, as well as the normal chromosome 6 (Fig. I). The result 
suggested that this YAC spans the breakpoint in our patient. However, as 798G12 
is a chimeric clone and contains a genomic fragment of a pericentromeric region 
of  chromosome 4 (Hudson et at., 1995), we did not use it for further analysis. 

According to information on 5 STSs at around the breakpoint (Hudson et al., 
1995), BAC clones were isolated from a BAC library. Using two (WI-1240 and 
WI-4066) of  three STSs that correspond to 798G 12, two BACs (371A24 and 86A6) 
were isolated, respectively. Another STS, CHLC.ATAI6B01 failed to detect any 
BAC clones. FISH analysis using 371A24 and 86A6 as probes revealed signals on 
the normal and der(6) chromosomes of the patient. Three BACs (230J13, 136L6, 
and 177C16) were isolated by the use of  the remaining 2 STSs (CHLC. 
GATA6B06.192 and WI-4792) which were located distal to WI-4066, respectively 
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Fig. 1. FISH analysis on the patient's chromosomes. Atu-PCR product from 798G12- 
YAC gives three signals, each on normal chromosome 6, der(6) and der(18), 
together with faint signals on the pericentromeric region of both chromosomes 
4 due to its chimeric nature (a). Using BAC clones (86A6 and 230J13) as 
probes, signals appear on the der(6) (b) and on the der(18) (c), respectively, 
each along with the signals on normal chromosomes 6. Arrowheads, and long- 
and short-arrows indicate the normal chromosome 6, the der(6), and the 
der(18), respectively. 

(Fig.  2). A l l  3 these c lones  gave F I S H  signals  on the no rma l  and der(18) c h r o m o -  

somes of  the pa t ien t .  T h e  f indings,  a long  with  the STS map  (H udson  et al., 1995), 

ind ica ted  that  the  t r a n s l o c a t i o n  b r e a k p o i n t ,  6q21 or  6q22, exists be tween  the 

WI-4066 and C H L C . G A T A 6 B 0 6 . 1 9 2  loci.  A genetic d i s tance  between the two loci  

is es t imated to be at most  1.4 cM (Dib  et al., 1996) (F ig .  2). 

Two  BAC clones ,  342M16 and  326J20, c o r r e spond ing  to GJA l, were i so la ted  
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Schematic presentation of clones located proximal (P) and distal (D) to the 
breakpoint of the patient. 

(Kato et al., 1997). FISH analysis using these clones showed signals on both the 
normal no. 6 and der(18) chromosomes of the patient. Southern hybridization 
using the GJAI-cDNA as a probe revealed no extra segment in the patient (data 
not shown). Thus, GJA1 is most likely localized distal to the breakpoint  of  6q21 

or 6q22. 

DISCUSSION 

From a total of  33 YACs analyzed, we identified a clone, 798G12, that covers 
the 6q21 or 6q22 breakpoint.  However, this YAC contained an addit ional  human 
chromosomal  segment and was unstable during subcloning, due to its chimeric 
nature. Instead, we chose BAC-clone isolation as a source to detect a region 
containing the putative heterotaxia gene. Five BAC clones were isolated from a 
region corresponding to 798G12, and the breakpoint  was successfully assigned 
between two adjacent STS loci, WI-4066 and CHLC.GATA6B06.192.  Genetic 
distance be tweenthe  two loci is maximumly 1.4 cM, although the STS order in the 
region has remained inconclusive (Hudson et al., 1995). 

Recent experiments have revealed genes which contribute to the determination 
of left-right asymmetry of the body. In the chicken, genes such as activin receptor 
Ila (cAct-RIIa), sonic hedgehog (Shh), and chicken nodal related 1 (cNR-1), a 
member  of  the TGF-,6' gene family, are sequentially and asymmetrically expressed 
around the primitive streak and node during normal embryogenesis (Levin et al., 
1995). The murine genes, nodal and lefty belonging to the TGF-f l  gene family are 
also normally expressed in the left half  of  the node (Meno et al., 1996; Coll ignon 
et al., 1996; Lowe et al., 1996). However, in a mutant  mouse (inv) with "inversion 
of embryonic turning" who is homozygous for a transgene-induced insertional 
mutation, both nodal and lefty are expressed only on the inverse (right) side of  the 
node ( Y o k o y a m a  et al., 1993). In addition, in another  mutant  mouse, inversus 
viscerum (iv) who has randomized situs with 50% occurrence of heterotaxia, these 
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genes are also expressed inversely or randomly in the half of  the node (Brueckner 
et al., 1989). Thus, it is likely that the inv and iv loci, together with nodal  and 
lefty, play important  roles in the determination of the left-right axis in early 
embryonic development.  Since the other locus, iv, lies on mouse chromosome 12 
and its corresponding human locus is suspected to be at 14q32 (Brueckner et aL, 
1989), it is less likely that its human homologue contributes to the heterotaxia in 
our patient. The inv is assigned to the mouse chromosome 4, being 5.8-cM apart  
from the alphapeptide gene (Tsha)  for glycoprotein hormones and 10-cM from the 
hexabrachion gene (Hxb )  ( Y o k o y a m a  et al., 1993). The human T S H A  is mapped  
to human chromosome 6q21.1-q23 (Naylor  et al., 1983), and H X B  to 9q33 (White 
et aL, 1992). Localizat ion of  T S H A  is corresponding to or near the breakpoint  
region of our patient. Thus, if a segment between Tsha and the inv locus is 
conserved in the human genome, the putative human homolog ( I N V )  may become 
a strong candidate gene responsible for the heterotaxia in our patient, al though inv 
is a recessive condit ion and the disease in our patient is presumed to be dominant .  
Positional cloning of  the either mouse and /o r  human gene will give an answer. 

Connexin proteins that constitute the intercellular channels of  gap junct ions 
permit transfer of  small molecules from cell to cell (Wi!lecke et aL, 1990). 
Connexin43, a member  of  the connexin family, is a major protein expressed in the 
heart and may play a role in synchronizing heart contraction. The mouse connex- 
in43 gene is expressed transiently on the ectoderm layer in an early developmental  
stage (Yancey et aL, 1992), indicating that connexin43 may contribute to the 
embryogenesis by cell to cell communicat ion.  In view of these findings, along with 
the observation of  GJA1 mutat ions in patients with heterotaxia (Britz-Cunning- 
ham et al., 1995) and with the gene localization at around the breakpoint  in our  
girl, a mutation of  GJA1 would have caused her disease. Results of  the present 
FISH and Southern blot analyses almost denied the possibility that the gene is 
directly disrupted by the translocation in our patient. However, a position effect 
cannot  be ruled out, because causative genes were sometimes localized outside the 
breakpoints in patients, such as those with campomelic  dysplasia (Foster et aL, 
1994), Greig syndrome (Vor tkamp et aL, I99I), aniridia (Fantes et aL, 1995) and 
holoprosencephaly (Betloni et aL, I996; Roessler et al., 1996). 
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