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Abstract
Disease causing mutations for heterotaxy syndrome were first identified in the X-linked laterality
gene, ZIC3. Mutations typically result in males with situs ambiguus and complex congenital heart
disease; however affected females and one male with isolated d-transposition of the great arteries
(d-TGA) have been reported. We hypothesized that a subset of patients with heart defects common
to heterotaxy but without laterality defects would have ZIC3 mutations. We also sought to
estimate the prevalence of ZIC3 mutations in sporadic heterotaxy.

Patients with TGA (n=169), double outlet right ventricle (DORV) (n=89), common
atrioventricular canal (CAVC) (n= 41) and heterotaxy (n=54) underwent sequencing of ZIC3
exons. We tested 90 patients with tetralogy of Fallot (TOF) to correlate genotype with phenotype.
Three potentially disease-related missense mutations were detected: c.49G>T (Gly17Cys) in a
female with isolated DORV, c.98C>T (Ala33Val) in a male with isolated d-TGA, and c.841C>T
(His281Tyr) in a female with sporadic heterotaxy. We also identified a novel insertion
(CPFP333ins) in a family with heterotaxy. All were absent in 200 control patients and the 1000
Genomes Project (n = 629). No significant mutations were found in patients with TOF. Functional
studies demonstrated reduced transcriptional activity of the ZIC3 His281Tyr mutant protein.

ZIC3 mutations were rarely identified in isolated DORV and d-TGA suggesting that a subset of
DORV and d-TGA may fall within the spectrum of laterality defects. ZIC3 mutations were found
in 3.7% of patients with sporadic heterotaxy; therefore testing should be considered in patients
with heterotaxy.
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INTRODUCTION
Heterotaxy, or situs ambiguus, is an uncommon disorder of abnormal organ arrangement
along the left-right axis. It is estimated to occur in 1 in 10,000 births [Lin et al., 2000] and is
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associated with a vast array of congenital anomalies, including an exceptionally high
incidence of congenital heart disease. Heterotaxy accounts for approximately 3% of patients
with congenital heart disease [Ferencz et al., 1997] and these patients have increased
morbidity and mortality compared with patients without laterality defects [Hashmi et al.,
1998; Cohen, 2006; Cheung et al., 2002; Gilljam et al., 2000; Swisher et al., 2011].

Heterotaxy has classically been subdivided into two groups based on splenic anatomy and
atrial/bronchial situs, namely asplenia/right atrial isomerism and polysplenia/left atrial
isomerism. There is significant overlap in the cardiac phenotype between the two subgroups,
including a high frequency of malposition of the great arteries as seen in transposition of the
great arteries (TGA) or double outlet right ventricle (DORV), and common atrioventricular
canal (CAVC) [Cohen, 2006; van Praagh et al., 2006]. Some lesions are considered
characteristic of polysplenia/left atrial isomerism, for example interrupted inferior vena cava
and complete heart block [Ferencz et al., 1997; Gilljam et al., 2000; van Praagh et al., 2006].

Heterotaxy is known to occur in families with various modes of inheritance. Familial
disease-related mutations were first identified in the X-linked gene ZIC3 by Gebbia et al. in
1997 [Gebbia et al., 1997]. ZIC3, zinc finger in cerebellum 3, is a member of the ZIC family
and GLI superfamily of genes. It encodes a nuclear transcription factor that contains five
tandem C2H2 zinc finger motifs. ZIC3 mutations have subsequently been described in
sporadic heterotaxy [Gebbia et al., 1997; Ware et al., 2004; Megarbane et al., 2000; Chhin et
al., 2007; de Luca et al., 2010] and have been estimated to account for approximately 1% of
total heterotaxy cases [Ware et al., 2004].

Overall, 13 mutations have been reported in 76 patients (excluding synonymous changes and
polymorphisms), of which 36 (47%) are male. In males with ZIC3 mutations 86% (31/36)
have heterotaxy with complex congenital heart disease [Gebbia et al., 1997; Ware et al.,
2004; Megarbane et al., 2000; Chhin et al., 2007; de Luca et al., 2010; D’Alessandro et al.,
2011], but one case of isolated transposition of the great arteries and two cases of
incomplete penetrance have been reported [Megarbane et al., 2000; D’Alessandro et al.,
2011]. In females with ZIC3 mutations, 83% (33/40) are asymptomatic carriers, although
imaging studies to identify subclinical anomalies have not been consistently reported.
Approximately 8% (3/40) of mutation-positive females have isolated congenital cardiac
disease and no laterality defects, and all of these patients were detected due to the presence
of heterotaxy in a family member [Gebbia et al., 1997; Ware et al., 2004; Megarbane et al.,
2000; Chhin et al., 2007; de Luca et al., 2010]. One female case of heterotaxy [Chhin et al.,
2007] and three female cases of situs inversus totalis have also been reported to have ZIC3
mutations [Gebbia et al., 1997].

We therefore hypothesized that isolated cardiovascular malformations commonly seen in
heterotaxy, including TGA, DORV and CAVC, share a common genetic basis with laterality
defects, such that a subset of patients with sporadic isolated lesions would have ZIC3
mutations. We also predicted that ZIC3 mutations would not be identified in patients with
lesions that are not seen in the context of heterotaxy, such as tetralogy of Fallot (TOF).

METHODS
Study Population

The study protocol was approved by The Children’s Hospital of Philadelphia Institutional
Review Board on Human Subjects. Patients were recruited from October 1991 through
February 2008 after informed consent. Patients with TGA, DORV, CAVC, TOF and
heterotaxy were included in the study (Table I). All available cardiac records and imaging
studies were consulted to classify the congenital heart disease, including x-rays and

D’Alessandro et al. Page 2

Am J Med Genet A. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ultrasounds, echocardiograms, cardiac catheterizations and operative notes. Any patient
determined to have a chromosomal anomaly, 22q11.2 microdeletion, or known genetic
syndrome was excluded from the study. Any patient with a laterality defect, including
abnormal situs of any organ or a venous anomaly, was included in the heterotaxy cohort,
regardless of intracardiac anatomy. Patients without heterotaxy were assigned to diagnostic
groups first by conotruncal anatomy, and then by AV canal such that patients included in the
CAVC group had normal conotruncal anatomy. For conotruncal defects, the aorta was
assigned to the morphologic left ventricle (LV) if there was mitral to aortic valve fibrous
continuity, and the pulmonary artery (PA) was assigned to the morphologic right ventricle
(RV) if it was positioned over the RV by more than 50%. In the absence of mitral to aortic
fibrous continuity, the aorta was assigned to the LV if it was positioned over the LV by
more than 50%. TGA was therefore defined as the aorta assigned to the RV and the PA
assigned to the morphologic left ventricle with subtypes defined by relative arterial position
and ventricular loop. DORV was defined as both great arteries assigned to the RV (including
pulmonic stenosis, pulmonary atresia, aortic stenosis, aortic atresia). TOF was defined as a
conotruncal anomaly with normal ventriculoarterial alignment, fibrous continuity between
the aortic and mitral valves and anterior malalignment of the conal septum, with subtypes by
pulmonary valve morphology (pulmonic stenosis, pulmonary atresia, absent pulmonary
valve). CAVC was defined as a single common valve annulus and included complete, partial
and incomplete subtypes depending on the number of orifices and the presence of a
ventricular communication. Where available, parental samples were collected and tested if a
proband was found to carry a mutation. In one instance, after recruitment of a male affected
with heterotaxy (BG-01-046A), a half-brother (BG-094A) with a different father was
subsequently born with heterotaxy, and thus recruited. Maternal DNA was collected to
assess for inheritance (BG-094B).

Mutation Detection
Total genomic DNA was extracted from venous blood or a cell line for each patient. DNA
was purified from lymphocyte pellets according to standard procedures using the
PUREGENE kit (Gentra Systems, Minneapolis, MN).

Primer pairs were designed using Oligo primer design software (Molecular Biology Insights
Inc., Cascade, CO) to amplify the ZIC3 exons, including 50-100 bp beyond each intron-exon
boundary (Table II). Exon 1 was amplified in two overlapping segments. For each
amplimer, the polymerase chain reaction (PCR) was performed using a GC-rich kit (Roach).
Amplified products were separated by agarose gel electrophoresis and visualized by staining
with ethidium bromide. Amplicons were purified using magnetic beads (Agencourt,
Beverly, MA) and sequenced using BigDye Terminator version 3.1 on an Applied
Biosystems sequencer (ABI3730, Genetic Analyzer; Applied Biosystems, Foster City, CA).
Sequences were aligned with known reference genomic sequences available via the UCSC
genome browser using Sequencher (Gene Codes, Ann Arbor, MI). Cases were compared
with race-matched control patients (Coriell), the NCBI SNP database Build 137 for Human
[Sherry et al., 2001], and data from the NHLBI GO Exome Sequencing Project Exome
Variant Server [Exome Variant Server, 2012]. Cases were also compared with 629
individuals from the 1000 Genomes Project 20100804 sequence and alignment release [The
1000 Genomes Project Consortium, 2010]. Data from the 1000 Genomes Project was
converted with MUTALYZER 2.0 beta-21 [Wildeman et al., 2008]. In-silico predictions of
the effect of missense mutations on protein function were modeled using three different
publically available software programs: PolyPhen-2 [Adzhubei et al., 2010], SIFT [Ng et al.,
2001; Ng et al., 2002; Ng et al., 2003; Kumar et al., 2009] and PMut [Ferrer-Costa et al.,
2005]. The degree of evolutionary conservation at mutation loci was analyzed with PhyloP
[Cooper et al., 2005; Siepel et al., 2006].
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Mutagenesis and Plasmid
A 1462 basepair bc113393 fragment of human ZIC3 cDNA including the entire open
reading frame was subcloned in frame into a pcDNA3.1 vector using a standard protocol
(Invitrogen, Grand Island, NY). ZIC3 missense mutations were introduced into the
pcDNA3.1-ZIC3 fragment via Quick-Change site-directed mutagenesis (Stratagene). All the
mutations and wild-type ZIC3+pcDNA3.1 were confirmed by sequencing.

Transcriptional Assay
NIH3T3 cells were maintained in Dulbecco’s modified Eagle medium with 10% fetal calf
serum and 2% L-glutamate. Fugene (Roach) was used for transfection according to the
manufacturer’s protocol. Cotransfections were performed using pcDNA3.1-ZIC3 constructs
and a SV40 luciferase reporter plasmid (pGL3 promoter vector, Promega). The results were
normalized to the promoterless luciferase vector (pGL3 basic, Promega). Cells were
harvested 48h after transfection, and luciferase activity was determined using the Dual
Luciferase Reported Assay System (Promega). Firefly luciferase activity was normalized to
Renilla luciferase activity. All results represent a minimum of three experiments.

RESULTS
In total, 443 unrelated individuals were studied for ZIC3 mutations including 169 with TGA,
89 with DORV, 41 with CAVC and 54 with heterotaxy (Table I). We also tested 90 patients
with TOF to correlate genotype with phenotype. Forty percent (179/443) were female and
60% (264/443) were male. Seventy-eight percent (344/443) were Caucasian, 11.5% (51/443)
African American, 4.3% (19/443) Asian and 6.6% (29/443) were of unknown or other race.

ZIC3 Mutations in Patients
Three non-synonymous mutations and one insertion mutation were identified in four
unrelated individuals from the study cohort (Tables III, IV shaded rows). Patient 796, a
Caucasian female with isolated DORV, was found to have a missense mutation c.49G>T
resulting in a cysteine substituted for glycine at amino acid position 17 (Gly17Cys) (Figs
1-3). The mutation was maternally inherited. Patient 356, a Caucasian male with isolated d-
TGA, had a missense mutation c.98C>T resulting in valine substituted for alanine at amino
acid position 33 (Ala33Val) (Figs 1-3). Parental genetic information was not available.
Patient 767, a Caucasian female with heterotaxy, had a missense mutation c.841C>T
resulting in substitution of histidine for tyrosine at amino acid position 281 (His281Tyr),
located in the first zinc finger domain of the protein (Figures 1-3). This was a de novo
mutation. All three missense mutations were absent in 100 Caucasian and 100 African
American control patients and the 1000 Genomes Project (n = 629) [The 1000 Genomes
Consortium et al., 2010]. The Ala33Val and His281Tyr mutations were also not found in the
NCBI SNP database [Sherry et al., 2011] and the NHLBI Exome Variant Server (EVS)
[Exome Variant Server, 2012]. The Gly17Cys mutation was listed in the NCBI SNP
database under rs147232392 in reference to a submission through the NHLBI EVS [Exome
Variant Server, 2012]. The EVS dataset reports this mutation in 19 heterozygous females
and 12 hemizygous males out of 6467 individuals (4053 females and 2414 males) sequenced
for this region of ZIC3 with a minor allele frequency of 0.002947. No homozygous females
were identified. No additional phenotypic information is available for the mutation-positive
individuals.

All three mutations are predicted by at least one algorithm to be damaging to ZIC3 function
(Table III) [Adzhubei et al., 2010; Ng et al., 2001; Ng et al., 2002; Ng et al., 2003; Kumar et
al., 2009; Ferrer-Costa et al., 2005]. The conservation scores generated by PhyloP were
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0.525 for the Gly17Cys mutation, -0.400 for the Ala33Val mutation and 0.483 for the
His281Tyr mutation (Table III, Fig 3). [Cooper et al., 2005; Siepel et al., 2006]

Two half-brothers with heterotaxy were found to have a novel 12 base pair insertion
resulting in insertion of four amino acids at position 333 in a highly conserved third zinc
finger domain (Tables III, IV; Figs 2-4). Their mother was found to be an asymptomatic
carrier of the insertion; imaging to identify sub-clinical features has not been performed.

Two patients were found to have an expansion of the polyalanine repeat in exon 1 (c.123 to
153). Patient 359, a Caucasian male with isolated d-TGA, had a GCC insertion, expanding
the region from 10 to 11 alanines. Patient 195, an Asian female with heterotaxy, had a 9
base pair insertion in the polyalanine repeat, expanding the repeat by 3 alanines (Tables III,
IV; Figs 2, 3). Parental samples were not available for either patient. The 9 base pair
insertion was also seen in a female African American control patient (1/100).

Four patients were found to have a c.649C>G resulting in substitution of alanine for proline
at amino acid position 217 (Pro217Ala), a mutation previously reported to be disease-related
[Ware et al., 2004] (Table III). All of our patients had isolated CHD; three were African
American and one was Caucasian. However, we identified this missense mutation in 2 of
100 African American control patients, in the 1000 Genomes Project with a frequency of
0.0082 (~ 5/629 patients) [The 1000 Genomes Project Consortium et al., 2010], and in non-
clinical submissions in the NCBI SNP database (rs104894963) [Sherry et al., 2001]. The
EVS dataset reports this mutation in 2 homozygous females, 64 heterozygous females and
10 hemizygous males out of 6483 individuals sequenced for this region of ZIC3 with a
minor allele frequency of 0.007465. [Exome Variant Server, 2012].

No clinically significant mutations were identified in patients with CAVC or TOF.

ZIC3 Mutations in Control Patients
As a means of assessing the frequency of nonsynonymous mutations in the general
population and gauging the potential import of mutations identified in our patients, we
examined control patients for the presence of additional mutations in the ZIC3 coding
regions. Of the 200 control patients who underwent sequencing of the ZIC3 exons in our
laboratory, one individual had a nonsynonymous mutation (c.75C>G His25Gln) previously
reported in the NCBI SNP database as occurring in more than 75 apparently healthy control
patients [Sherry et al., 2001], two individuals had the Pro217Ala mutation (as described
above), and one individual had a polyalanine expansion mutation (as described above).
Thirteen additional patients had synonymous mutations (Supplemental eTable I – see
Supporting Information online). In the 1000 Genomes Project, the only mutation reported in
the ZIC3 coding region was Pro217Ala among the data available from 629 controls. As
noted above, this mutation occurred with a frequency of 0.0082, similar to that in our cohort
[The 1000 Genomes Project Consortium et al., 2010]. No other mutations in the ZIC3
coding region were identified in 829 controls.

In the NHLBI Exome Variant Server, eight non-synonymous mutations were identified in
5992-6503 patients sequenced for the ZIC3 coding region, including the Gly17Cys and
Pro217Ala mutations as described above (Supplemental eTable II – see Supporting
Information online). To our knowledge, none of the six additional mutations have been
described in clinical cohorts. The minor allele frequencies range from 0.000095 to 0.001058.
None of the mutations lie in the zinc finger domains or the polyalanine expansion. Eight
additional synonymous mutations were also detected [Exome Variant Server, 2012].
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Functional Data
The effect of the ZIC3 missense mutations Gly17Cys, Ala33Val, and His281Tyr on in vitro
transactivation of an SV40 luciferase was compared to wild-type ZIC3 (Figure 5). We also
studied two previously reported mutations, Pro217Ala and Cys253Ser, which were reported
to have increased and decreased transactivation respectively [Ware et al., 2004]. Compared
with wild-type ZIC3, the Gly17Cys, Ala33Val and Pro217Ala mutants did not demonstrate
altered transactivation. Both the newly identified His281Tyr and previously reported
Cys253Ser mutants demonstrated reduced transactivation.

DISCUSSION
We identified ZIC3 mutations in patients with sporadic isolated DORV and d-TGA, as well
as those with sporadic and familial heterotaxy. The Ala33Val mutation identified in a case
with dTGA and the His281Tyr mutation identified in a patient with sporadic heterotaxy are
absent from 200 control patients, 629 controls in the 1000 Genomes Project [The 1000
Genomes Project Consortium et al., 2010] and the NCBI SNP database [Sherry et al., 2001],
and therefore appear to be exceptionally rare.

Though likewise absent from 200 controls and 629 cases in the 1000 Genomes Project, the
Gly17Cys mutation identified in a case with DORV has been reported infrequently in the
NHLBI Exome Variant Server cohort of nearly 6500 subjects, in both hemizygous males (n
= 12) and heterozygous females (n = 19) [Exome Variant Server, 2012]. The NHLBI EVS
represents a compilation of cases from multiple adult cohorts enrolled in a variety of studies
whose phenotypes are not individually available. Thus given the large study cohort, it is
possible that cases with the Gly17Cys mutation have unrecognized or unreported congenital
cardiac malformations, such as venous anomalies, that would place them on the mild
heterotaxy spectrum. They may also be asymptomatic carriers or males with incomplete
penetrance, as has been previously reported [Megarbane et al., 2000; D’Alessandro et al.,
2011]. Overall even this mutation appears to be a very rare variant.

The Gly17Cys and His281Tyr mutations are predicted by two of three publically available
software programs to be deleterious to ZIC3 protein function (Table III). The alterations are
at loci with high conservation scores (0.525 and 0.483 respectively), which also suggests
that a missense mutation is more likely to disrupt protein function at this locus. Additionally,
the His281Tyr mutant demonstrated decreased transactivation in a luciferase assay. These
data lend further support to the likely pathogenicity of the Gly17Cys and His281Tyr
mutations. The Ala33Val mutant, though novel in a male patient and absent from control
populations, was only predicted by 1 of 3 algorithms to be deleterious to the ZIC3 protein
and had a negative conservation score. These results suggest that this mutant is less likely to
be disease-related, however it cannot be ruled out, especially as it is present in a male
patient. The familial 12 base pair mutation results in insertion of four amino acids at position
333 in the highly conserved third zinc finger domain. Although this mutant was not assessed
with functional studies, it has previously been demonstrated that the zinc finger domains are
necessary for binding with the cardiac α-actin promoter [Zhu et al., 2007], and interaction
with GLI3 [Zhu et al., 2008], suggesting that this mutant is likely to confer functional
changes and hence likely to be disease-related.

The Gly17Cys mutation and the familial 12 base pair insertion were each seen in
asymptomatic maternal carriers. As imaging studies could not be performed on these two
carriers, it is unclear whether they have sub-clinical features such as mild venous anomalies.
Nonetheless, incomplete penetrance in female carriers has been commonly observed in this
X-linked disease gene.
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We did not identify ZIC3 mutations in cases with isolated CAVC, but the relatively small
sample size may not have allowed detection of rare mutations with a low prevalence. We
also did not identify significant mutations in the larger cohort of patients with TOF,
suggesting that ZIC3 mutations may be specific to lesions commonly seen in heterotaxy, or
at least those with malposed great arteries.

The Pro217Ala mutation was of interest as it was previously reported as a disease-causing
mutation in a Caucasian male with isolated CHD that is not typical of heterotaxy syndrome
(atrial septal defect and pulmonary stenosis) and not in ethnicity-matched controls or the
isolated CHD cohort [Ware et al., 2004]. It was also previously reported to have increased
transactivation on functional studies. In our study, this mutation was detected in four
patients with isolated CHD including DORV, L-TGA, two patients with TOF, as well as two
African American controls patients. The transactivation was not significantly different
compared with wild-type ZIC3. It has since been reported in non-clinical submissions in the
NCBI SNP database (rs104894963) [Sherry et al., 2001], in 1000 Genomes Project with a
frequency of 0.0082 (n = 629) [The 1000 Genomes Project Consortium et al., 2010] and in
the NHLBI EVS with a minor allele frequency of 0.007465, including in 2 females who are
homozygous for the mutation. Despite the predicted deleterious affect of this mutation on
protein function by two algorithms, the Pro217Ala mutant has been demonstrated to retain
functions of wild-type Zic3, including physical and functional interaction with GLI3 [Zhu et
al., 2008] and the ability to bind and inhibit the cardiac α-actin promoter [Zhu et al., 2007].
Therefore, an increasing body of data suggests that this mutation is most likely a benign
polymorphism.

The significance of expansion of the polyalanine repeat in exon 1 is unclear. This finding
was previously reported in a patient with a polyalanine expansion from 10 to 12 in a male
patient with VACTERL association, dextroposition of the heart, and persistence of the left
superior vena cava draining to the coronary sinus [Wessels et al., 2010]. It is unknown how
expansion of the polyalanine repeat would alter the function of the ZIC3 protein, although
several possibilities have been proposed [Wessels et al., 2010]. Polyalanine repeat
expansion, most often within transcription factors, has been shown to be a mechanism of
disease in other inherited disorders, such as holoproscencephaly with polyalanine expansion
in ZIC2. The polyalanine expansion was also identified in one female control patient who
was asymptomatic. However, very minor laterality defects may be undetected and female
carriers have been reported. Therefore this finding in a female control patient does not rule
out a disease-causing insertion in patients.

We examined our control patients, as well as the 1000 Genomes Project control patients and
the NHLBI Exome Variant Server for additional mutations in the ZIC3 coding region as a
means of assessing genetic burden. Of the 200 control patients who underwent sequencing,
one individual had a previously identified polymorphism (His25Gln), two individuals had
the Pro217Ala polymorphism (see above) and one individual had a polyalanine expansion
mutation (see above). In the 1000 Genomes Project (n=629), one mutation in the ZIC3
coding region is reported, Pro217Ala, with a frequency of 0.0082, similar to that in our
study (see above) [The 1000 Genomes Project Consortium et al., 2010]. In the NHLBI
Exome Variant Server containing nearly 6500 individuals who have been sequenced for
ZIC3, a total of 8 nonsynonymous mutations in the ZIC3 coding region were detected,
including the Gly17Cys and Pro217Ala mutations. The Pro217Ala was the most frequently
detected mutation, with a minor allele frequency of 0.0074654, and interestingly, it was
homozygous in two females. As the phenotype of the Exome Variant Server patients is
unknown, some of them may be affected, some may have subtle anomalies and be clinically
asymptomatic, and some may be carriers or demonstrate incomplete penetrance. The paucity
of mutations in this very large cohort, combined with the absence of rare, non-synonymous
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mutations predicted to be deleterious in our control patients renders the mutations identified
in our patients with cardiac disease compelling.

This work, in combination with other studies, demonstrates that ZIC3 mutations are an
important etiology in sporadic and familial heterotaxy. These results further support the
hypothesis that a subset of patients with isolated malposition of the great vessels as manifest
by DORV, and possibly dTGA, share a common genetic basis with heterotaxy. The mouse
ortholog, Zic3 is expressed bilaterally in early embryogenesis and has been shown to play a
role in the development of the anterior-posterior axis, which precedes and is requisite for
left-right axis formation [Ware et al., 2006]. A Zic3 null mouse model demonstrates a
comparable spectrum of phenotypic anomalies to those seen in humans with ZIC3
mutations, including 20% with incomplete penetrance for heterotaxy. Interestingly, when
pulmonary anatomy was examined, both left and right bronchial isomerism were seen,
consistent with reports of both asplenia- and polyspenia-type heterotaxy reported in humans
with ZIC3 mutations [Purandare et al., 2002]. Zic3-deficient mice fail to maintain Nodal
expression after the two-somite stage and exhibit randomization of expression of Nodal and
Pitx2 in the lateral plate mesoderm, confirming that Zic3 is necessary for maintenance of
molecular asymmetry that precedes organ asymmetry in the developing embryo [Purandare
et al., 2002].

Unfortunately, only a small group of patients with ZIC3 mutations have been reported in the
literature and few of them with completely characterized phenotypes leaving many questions
unanswered. Nonetheless it is important to recognize that patients with isolated DORV and
dTGA secondary to an underlying ZIC3 mutation are at an increased risk of having a child
with heart disease of potentially wide-ranging severity, including heterotaxy and its
associated anomalies. If the mutation is inherited, the same applies to sibling recurrence risk.
It has been shown that patients with heterotaxy of all etiologies have increased post-surgical
mortality, increased ECMO requirement, tracheostomy and prolonged ventilation compared
with controls with cardiac disease of the same surgical severity score [Swisher et al., 2011].
The basis for increased morbidity is unclear but it is conceivable that this risk also extends
to patients with ZIC3 mutations and isolated cardiac disease. Our findings highlight the
importance of additional studies designed to correlate genotype with phenotype so we can
better understand the potential implications relating to outcome, prognosis and recurrence
risk.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Potential disease-related mutations in cases. Sequences from three cases with unique
missense mutations are presented in the lower panels with the corresponding sequence from
a normal control above. The gender of each case is noted. The arrow points to the nucleotide
change from wild-type.
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Figure 2.
ZIC3 open reading frame structure including 5 highly conserved tandem regions coding for
zinc finger domains and a polyalanine repeat. The locations of reported ZIC3 mutations are
shown.
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Figure 3.
ZIC3 amino acid sequence including the polyalanine expansion in exon 1 (darkly-shaded
box) and the five zinc finger domains (lightly-shaded boxes). The Gly17Cys (*), Ala33Val
(+), His281Tyr (ˆ) mutations are shown (non-shaded boxes) as well as the position of the
CPFP333ins mutation (↓) demonstrating conservation of these amino acids between species.
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Figure 4.
i. Pedigree of family with inherited heterotaxy with two affected sons and an asymptomatic
carrier mother.
ii. Chromatograms demonstrate: a. the reference sequence, b. the maternal sequence
(BG-094B) with heterozygosity beginning at the position of the insertion (c.999) consistent
with both the reference sequence and a 12-bp insertion (c.999ATGCCCCTTCCCins), c.
patients BG094A and d. BG-046A both with a 12-base pair insertion which is hemizygous
in both male patients.
iii. The insertion was confirmed by gel electrophoresis using primers (Table II) designed to
amplify a 184 bp sequence containing the insertion in exon 1. Column D shows control
DNA with one band 184 bp in size. Column A shows the heterozygous maternal DNA with
the wild-type 184 bp band, a slightly larger band consistent with the insertion (196 bp) and a
third band consistent with a heteroduplex. Columns B and C show BG094-A and BG046-A
both with the single 196 bp band confirming the insertion.
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Figure 5.
Effect of ZIC3 mutations on transactivation of an SV40 luciferase reporter gene.
Transactivation for the missense mutations Gly17Cys and Ala33Val are not significantly
different from wild-type ZIC3. Pro217Ala was previously reported as having increased
transactivation, however in the present study was not significantly different from wild-type.
The missense mutation His281Tyr shows decreased transactivation as compared to wild-
type, similar to a previously reported mutation Cys253Ser.
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Table I

Study Cohort

Cardiac Anatomy Number of Unrelated Patients Screened n = 443 Number of Mutations (%)

Transposition of the Great Arteries 160 1 (0.6%)

 • D-TGA {S,D,D} with intact ventricular septum 74 1

 • D-TGA {S,D,D} with ventricular septal defect* 76

 • TGA {S,D,L} 8

 • TGA not otherwise specified 2

L-Transposition of the Great Arteries {S,L,L} 9 0

 • With intact ventricular septum 2

 • With ventricular septal defect 7

Double Outlet Right Ventricle 89 1 (1.1%)

 • With mitral atresia/stenosis and hypoplastic LV 4

 • With complete AV canal defect 6

 • Other (DILV) 1

 • Normal AV valves 78

Common Atrioventricular Canal Defect 41 0

Heterotaxy (with CAVC) 54 (34) 2(3.7%)

 • Normally related great vessels 17 (14)

 • DORV 21 (14) 1

 • TGA 7 (1) 1

 • RV to Ao with PA 9 (5)

Tetralogy of Fallot 90 0

 • Pulmonary stenosis 76

 • Pulmonary atresia 9

 • Absent pulmonary valve 5

AV – atrioventricular, CAVC – common atrioventricular canal defect, DILV – double inlet left ventricle, DORV – double outlet right ventricle,
LV – left ventricle, RV-Ao with PA – right ventricle to aorta with pulmonary atresia, TGA – transposition of the great arteries, VSD – ventricular
septal defect

*
23/76 also had other cardiac anomalies including tricuspid atresia with hypoplastic RV (n = 10), straddling tricuspid valve (n = 3), abnormal

mitral valve (n = 3), CAVC (n = 1), DILV (n = 1) and RV-Ao with PA (n = 1)
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Table II

Primers for ZIC3

Exon Forward Primer Reverse Primer

1-AB 5′-GCAGCCCCTGGTAGCGCCTTGG-3′ 5′-GCTTGATAGGCTGCCGCATATAACG-3′

1-CD 5′-CCGAGCCCCCTAGCTACTTG-3′ 5′-CCAATTAGTTCCTGAGACCGCAGAG-3′

2 5′-GCTGCTTGCCTCTGAGAAAC-3′ 5′-ACGTGGAAGACAGAGGGTTG-3′

3 5′-CACTGGGCGGTCTTGTTGTTACA-3′ 5′-TCCTGAGAAAAGGGCATGGCTACT-3′

Primers used to confirm insertion in exon
1

5′-CCGGGAGGGCAAGTCTTTCAAG-3′ 5′-GGAACCCACGCCCGCCTGCTTTTT-3′
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