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Rare novel variants in the ZIC3 gene cause X-linked
heterotaxy

Aimee DC Paulussen*!?, Anja Steyls"!3, Jo Vanoevelen!3, Florence HJ van Tienen"2, Ingrid PC Krapels!,
Godelieve RF Claes!, Sonja Chocron?, Crool Velter!, Gita M Tan-Sindhunata?, Catarina Lundin’,

Irene Valenzuela®, Balint Nagy’, Iben Bache®?, Lisa Leth Maroun!?, Kristiina Avelall, Han G Brunner!!2,
Hubert JM Smeets"2, Jeroen Bakkers® and Arthur van den Wijngaard1

Variants in the ZIC3 gene are rare, but have demonstrated their profound clinical significance in X-linked heterotaxy, affecting

in particular male patients with abnormal arrangement of thoracic and visceral organs. Several reports have shown relevance of
ZIC3 gene variants in both familial and sporadic cases and with a predominance of mutations detected in zinc-finger domains.
No studies so far have assessed the functional consequences of ZIC3 variants in an in vivo model organism. A study population

of 348 patients collected over more than 10 years with a large variety of congenital heart disease including heterotaxy was
screened for variants in the ZIC3 gene. Functional effects of three variants were assessed both in vitro and in vivo in the
zebrafish. We identified six novel pathogenic variants (1,7%), all in either male patients with heterotaxy (n=>5) or a female
patient with multiple male deaths due to heterotaxy in the family (n=1). All variants were located within the zinc-finger
domains or leading to a truncation before these domains. Truncating variants showed abnormal trafficking of mutated ZIC3
proteins, whereas the missense variant showed normal trafficking. Overexpression of wild-type and mutated ZIC protein in
zebrafish showed full non-functionality of the two frame-shift variants and partial activity of the missense variant compared
with wild-type, further underscoring the pathogenic character of these variants. Concluding, we greatly expanded the number
of causative variants in ZIC3 and delineated the functional effects of three variants using in vitro and in vivo model systems.
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INTRODUCTION

Congenital heart disease (CHD) is one of the most frequent mal-
formations at birth, with an estimated incidence of one in 100-250
live births worldwide.! Fortunately for patients, thanks to great
improvements in both medical and surgical treatment, survival rates
of CHD patients have now increased to >90%.? The clinical spectrum
of CHD is very broad, encompassing a large group of both structural
as well as functional anomalies arising in early cardiac development.?
This diversity is mirrored by the complex etiology of CHD with
both environmental as well as many genetic factors being implicated in
different or even identical cardiac defects.* A very small subset within
the spectrum of CHD’s known as heterotaxy syndrome occurs in
approximately one in 50007000 live births.’> This syndrome is
defined by a variety of both cardiac and non-cardiac congenital
malformations induced by errors of the left-right axis determination
in early embryonic development. As the normal heart is one of the
most asymmetric organs in the body, failure to correctly establish this
asymmetry can result in mixing of oxygenated and deoxygenated blood,
creating cyanotic heart disease just after birth.>” Although the major

morbidity in heterotaxy is mostly the result of complex cardiac
malformations, the syndrome is also characterized by abnormal
arrangements of other internal organs, including lungs, spleen,
liver, stomach and intestine.>® Heterotaxy occurs in the majority of
patients as a sporadic condition but clustering in families has been
documented, indicating several modes of inheritance including
autosomal dominant,®!? autosomal recessivel! and X-linked.!? In the
past two decades several genes were implicated in heterotaxy in a
minority of patients such as ZIC3,3 NODAL,'* CFC1,'> ACVR2B,1¢
GDF1,"7 SHROOM3'® and CFAP53.'° Variants in the ZIC3 gene,
located on Xq26.2 (HTX1, MIM 306955) cause X-linked heterotaxy.'?
The ZIC3 gene is a C,H, zinc-finger transcription factor belonging to
the GLI superfamily involved in neurogenesis. Humans, frog, chicken
and mice have five ZIC homologs and the zebrafish has seven, all with
very conserved DNA-binding zinc-finger motifs.?? The evolutionary
conservation of these genes and their critical timing of expression
is essential for proper embryonic development, since variants in other
human zic genes also cause monogenic diseases, for instance ZIC2
causing holoprosencephaly.?! The ZIC3 gene, however, is the only ZIC
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gene to be implicated in laterality disorders. Several animal studies
have demonstrated the crucial role of ZIC3 expression during
gastrulation and axial patterning and the laterality abnormalities created
when knocked out.?»?3 The first publication on pathogenic variants
in ZIC3 causing X-linked heterotaxy dates more than 15 years ago'?
and until now the number of reports on ZIC3 variants are limited.
Even though this may indicate that the incidence is very low, studies
have suggested that patients with only specific cardiac lesions and
no laterality defects may also carry pathogenic ZIC3 variants.?*

In this study, we show the results of ZIC3 gene screening in a group
of 348 patients collected over a time period of 10 years. The group of
patients included heterotaxy patients as well as patients with a large
variety of CHD. We identified six novel pathogenic variants, increasing
the total number reported of distinct pathogenic variants from 30
to 36. We also performed both in vitro and in vivo functional testing of
three of the novel variants in cell culture and the zebrafish respectively,
further extending our knowledge of functional characteristics.

MATERIALS AND METHODS

Patient cohort

Between 2003 and 2014 patients were referred to the Department of Clinical
Genetics for ZIC3 genetic testing. For this study the patients were categorized
in the following situs subgroups: classic heterotaxy (combination of complex
cardiac malformations and disrupted laterality of at least one organ), CHD
heterotaxy (normal situs of other organs than the heart), abdominal heterotaxy
(normal heart and at least one abdominal organ with disrupted laterality),
situs inversus totalis and situs solitus with solely heart defects (subdivided
in complex CHD (more than one cardiac defect), septation defects (atrial
septum defect (ASD), ventricular septum defect (VSD) or artioventricular
septum defect (AVSD)), left-sided obstruction defects (hypoplastic left heart
syndrome (HLHS)), cyanotic heart disease (transposition of the great arteries
(TGA), tetralogy of Fallot (TOF)) or other (bicuspid aortic valve (BAV),
coarctatio aortae (CoA), pulmonary stenosis (PS), Ebstein anomaly)). Hetero-
taxy was considered 'familial' if at least one other family member also showed
any form of laterality disorder. Informed consent was obtained from all patients
(or parents) and family members, in accordance with guidelines of the local
ethical committee. If applicable, consent for the publication of photographs was
also obtained.

Variant analysis and classification

Blood samples, cultured fibroblasts or amniotic fluid cells were used for DNA
extraction following standard procedures. In addition, blood samples from
family members were obtained when possible. Genetic analysis of the complete
coding region, including intron—exon boundaries, of the ZIC3 gene (Xq26.2,
HTX1, OMIM #306955) was performed by PCR and direct sequence analysis
in both directions using the ABI Big Dye Terminator Cycle Sequencing
Ready Reaction kit and the ABI3730 Genetic Analyzer (Applied Biosystems,
Foster City, CA, USA). This analysis also included the recently identified fourth
exon by Bedard et al?®> (ENST00000370606). The Mutation Surveyor DNA
Variant Analysis Software (SoftGenetics, State College, PA, USA) was used for
the DNA sequencing analysis and variant calling. Full details of primer
sequences, amplicon lengths and PCR conditions can be obtained upon
request. Sequences were aligned with known ZIC3 coding reference sequence.
Numbering of variants started at the A of the ATG translation initiation codon
using Genbank mRNA reference sequence NM_003413.3 and genomic
reference sequence NG_008115.1 according to the Human Genome Variation
Society (HGVS) nomenclature.?® Variants were confirmed on DNA extracted
from the second blood sample if available.

The pathogenicity of the variants was based on a number of genetic criteria:
predicted non-functionality of mutated proteins; location; type and conserva-
tion of mutated amino-acids; segregation of clinical phenotypes in mutation
carriers; presence/absence in control populations; and functional tests per-
formed in this study. In silico prediction of functional consequences was
performed using Align GVGD (http://agvgd.iarc.fr/agvgd_input.php), SIFT
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(http://blocks.thcrc.org/sift/SIFT . html), PolyPhen (http://genetics.bwh.harvard.
edu/pph) and MutationTaster (http://www.mutationtaster.org). Effects on
splicing, if applicable, were investigated in silico using http://www.fruitfly.org/
seq_tools/splice.html, http://www.cbs.dtu.dk/services/NetGene2, http://www.
genet.sickkids.on.ca/ ~ ali/splicesitefinder.html and http://rulai.cshl.edu/tools/
ESE. The final classification of the detected variants was made on the basis
of the classification system proposed by Plon et al?’ All variants detected in
this study as well as all other variants described in literature previously were
submitted to the LOVD database (http://www.LOVD.nl/ZIC3), with patient
IDs ZIC3_000001 to ZIC3_000039.

Expression plasmid construction and mutagenesis

Total RNA was obtained from the human heart or brain total RNA kit
(Clontech Laboratories, Inc, Mountain View, CA, USA) and complementary
DNA was synthesized using the Quanta qScript ¢cDNA Supermix (Quanta
Biosciences, Beverly, MA, USA) as indicated by the manufacturer. The full-
length ZIC3 ¢DNA was obtained using primers ZIC3F-5-ATGA
CGATGCTCCTGGACGGAGGC-3" and ZIC3R-5'- GGTTTGTGTTTGTCC
TCAGACGTACCA-3" and then ligated into the pGEM-Teasy vector using T4
DNA ligase (Promega, Madison, WI, USA). The ZIC3 variants c.680dup,
c.842_843del and c.1111A> C were introduced with the Quick-Change II XL
Site-Directed Mutagenesis (SDM) kit according to the manufacturer’s instruc-
tions (Stratagene, La Jolla, CA, USA). Details on SDM primer sequences can be
obtained from the authors upon request. Wild-type (WT) and mutated ZIC3
pGEM-Teasy constructs were digested with EcoR1 and subcloned into pEGFPc1
and pCS2* expression-vectors. All constructs, correct orientation of inserts as
well as the presence of specified variants were verified by Sanger sequencing
before further investigations.

Cell culture, transfection and subcellular localization

HeLa cells were grown in DMEM (Dulbecco’s Modified Eagle Medium,
Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS heat inactivated, PAA, A15-104) and 1x Pen/Strep
(Thermo Fisher Scientific) maintained at 37°C and 5% CO,, Cells were
detached using trypsin and washed with PBS pbefore further analysis. HeLa
cells were seeded 16 h before transfection in 12-well plates on circular glass
coverslips in DMEM complete medium. Plasmids were transfected using the
Fugene 6 Transfection Kit (Promega) according to the manufacturer’s
instructions. After 48 h, the transfected cells were washed in PBS and fixed
for 10 min at room temperature in 4% paraformaldehyde/PBS. Following two
washes in PBS, slides were mounted in Vectashield medium H-1200 (Vector
Laboratories, Burlingame, CA, USA) containing 4’,6 diamidino-2-phenylindole
(DAPI) to visualize nuclei. Cells were scored in three different categories
regarding ZIC3 protein localization, respectively 1: cytoplasmic, 2: nuclear and
cytoplasmic and 3: nuclear. A minimum of 50 cells across two independent
experiments were scored for each ZIC3 construct.

Fish lines, mRNA synthesis, injections and phenotypic analysis
The following zebrafish lines were used: Tg(myl7:GEP)*® and TL. Fish were
maintained according to standard laboratory conditions.?” Animal experiments
were approved by the Animal Experimentation Committee (DEC) of the
Royal Netherlands Academy of Arts and Sciences. Synthetic capped mRNA
was generated by transcribing 1 pg of the appropriate plasmids using the
SP6 mMessage mMachine kit (Thermo Fisher Scientific). Subsequently, 100 pg
of mRNA was injected into 1-cell stage zebrafish embryos. Embryos were
examined morphologically at 28 h post fertilization (hpf) and scored for heart
position and other (midline) defects. For each construct a minimum of 80
embryos were injected and scored. The scoring system was divided in five
categories respectively (1) lethal, (2) severe posterior truncation, (3) right-sided
heart, (4) midline heart and (5) normal left-sided heart.

RESULTS

Identification of ZIC3 variants

In total 348 unrelated individuals were tested for mutations in the
ZIC3 gene. Congenital heart disease was very variable in the patient
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Table 1 Characteristics of patient population
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Situs group Patients (n) Male (n) Female (n) Unknown (n)  Age diagnosis <1 year  Age diagnosis > 1 year =~ Mutations detected
Classic heterotaxy 72 41 23 8 61 11 6 (8,3%)
CHD heterotaxy 13 10 3 — 7 6 0
Abdominal heterotaxy 3 2 1 — 2 1 0
Situs inversus totalis 26 13 12 1 17 9 0
Total heterotaxy 114 66 39 9 87 27 6 (5,3%)
Situs solitis? 234 125 97 12 143 91 0
Complex CHD 91 53 34 4 61 30 0
Septation defects 57 25 31 1 31 26 0
Left-sided obstruction defects 16 6 4 6 15 1 0
Cyanotic heart disease 54 32 21 1 28 26 0
Other 16 9 7 — 8 8 0

3Sjtus solitus with solely heart defects subdivided in five categories according to the type of heart defect.

group (Table 1). Out of the 348 patients ~ 33% had heterotaxy (classic,
CHD, abdominal or situs inversus), 26% had complex CHD, 16%
cyanotic heart disease, 16% septation defects and 9% other. There was
a predominance in male versus female patients (55% vs 39%) and the
population was very young (66% diagnosed <1 year).

Six probably pathogenic variants were identified in six unrelated
families, of which three were frame-shift variants, one nonsense variant,
one missense variant and one splice-site variant (Supplementary
Table 1). Whenever possible both symptomatic and asymptomatic
family members of index patients were tested for the identified variants.
Representative pedigrees and tested family members are depicted
in Figure 1. For five of the six described families, DNA was available
from a least one member with classic heterotaxy. For family 23 081
we could only test the asymptomatic mother, because DNA of her
(affected) deceased son and two deceased brothers was not available.
The index patient of family 18 173 is a male neonate with heterotaxy
and caudal regression syndrome. Two prior male pregnancies were
terminated due to similar findings. The index was found to have
a hemizygous variant ¢.680dup, predicting a frame-shift and premature
stop codon p.(Val228Serfs*50). In one of the affected fetuses, the
mother and the grandmother the variant was also present. Index
patients of family 19018 were two male fetuses that were aborted at
22 weeks pregnancy due to prenatal detection of heterotaxy. Both were
hemizygous for the c.842_843del variant also predicting a frame-shift
and premature stop codon p.(His281Argfs*62). The mother was
heterozygous carrier of the variant, while the grandmother lacked
the variant. The grandfather was not available for testing. The index
of family 23 217 was a second terminated male pregnancy with Ivemark
syndrome (see Figure 2a and b). This fetus was hemizygous for variant
c.869del, predicting a frame-shift and aberrant translated protein
p-(Pro290Argfs*118). No DNA was available of other family members.
The index of family 27 983 was a male fetus with a complex cor vitium
(DORV, TGA and AVSD) and isomerism. The pregnancy was
terminated at 21 weeks. He was found to have a hemizygous splice-
site variant ¢.1060+1G > A. His asymptomatic mother and grandmother
are both heterozygous for the variant. Index of family 23 081 is an
asymptomatic female of whom a son and two brothers died neonatally.
The deceased son had situs inversus, AVSD, PS and malposition of the
great arteries and died soon after birth. The two brothers died at age
5 months. They both had situs inversus, anus atresia and a complex
heart defect. She was found to carry a nonsense variant ¢.1063G>T
predicting a premature stop codon p.(Glu355%). No DNA of the male

members had been preserved for DNA testing. Two of her daughters
with a desire to have children did not have the variant. In family 21 753
the first male fetus with malformations was discovered with ultrasound
at 19 weeks. The pregnancy was terminated at 21 weeks due to serious
cardiac abnormalities. Autopsy revealed truncus arteriosus type I, large
inlet VSD, trilobar lungs, preauricular tag and clump feet. The
pregnancy of the second male fetus, the index patient, was terminated
at 15 weeks+6 days due to suspected TGA. Autopsy revealed complex
CHD with TGA, dextrocardia, AVSD and abnormal pulmonal and
systemic venous return. Non-cardiac abnormalities included asplenia
and a symmetrical liver with left-sided galbladder. Fully detailed autopsy
photographs are depicted in Figure 2c-h. In both fetuses variant
¢.1111A> C p.(Asn371His) was identified which is located in the fourth
zinc-finger domain. The mother as well as her sister were heterozygous
for the variant. Her asymptomatic father was hemizygous carrier of the
variant.

Five other index patients were found to have a variation in the
N-terminal poly-alanine repeat region. Three patients had a 10-11
expansion; one male neonate with TGA and obstructive foramen
ovale. His mother also carried the variant; one male patient with situs
inversus and one female patient with type II ASD. This 10-11
expansion was also detected in 4/336 in-house control individuals.
Two patients had a 10 to 7 poly-alanine contraction due to a deletion
of nine base pairs. One was a male with VSD and ASD type II.
His mother and her asymptomatic brother also had the variant. The
second patient was a female patient with situs inversus, dextrocardia
and VSD. This variant was not detected in 336 control individuals.

Altered subcellular localization of mutated ZIC3 proteins

The subcellular distribution of mutated ZIC3 proteins was assessed
as one of the potential factors contributing to protein dysfunction,
when not localized in the nucleus. Transient transfections in HeLa
cells of GFP-tagged wild-type (WT) and mutated ZIC3 proteins were
performed to determine the fractions of nuclear/cytoplasmic situated
proteins. At least 50 cells per construct were evaluated blindly by
two expert laboratory technicians and ZIC3 localization was scored in
three categories, as described in the materials and methods section.
Both the WT and missense variant p.(Asn371His) localized exclusively
in the nucleus of all cells. Truncated ZIC3 proteins localized both
in the nucleus and the cytoplasm, albeit for mutated protein
p.(His281Argfs*62) more in the nucleus than the cytoplasm, whilst
mutated protein p.(Val228Serfs*50) was equally distributed over

1785

European Journal of Human Genetics



ZIC3 variants in heterotaxy
ADC Paulussen et al

1786

Family 18173
+/-

+/-

AN
€.680dup; p. (Val228$erfs*50)

R OAMCAT ORACATOOD AGTONFCOTOOC00E!

[ unv(n 100):32

Reference sequence

AT GAACAT AL ALOOOGACE SAACE] BOCOGE!
EEasose s Bese s K150

Hemizygous male carrier

Quakty(0-100):26

460

. e qgo s s
Heterozygous female carrier PSR P S ity SRy SR

Family 23217

mn
w
c.869del; p.(Pro290Argfs*118)

R gongcarJo001070C 00AGEAS pACA ACCACSTS
Reference sequence MMJ\M \MMAN W\MNMM

zw 1.037. m > cwmo lno) 33

P L T

MJ\MNV\'\TWM/\AWA et ottt

Hemizygous male carrier

Heterozygous female carrier

Family 23081

¢.1063G>T ;p.(Glu355%)

aTTrirecer nvsc;.;NomMAccnrcun\N\/(

Reference sequence

Hemizygous male carrier

Qumzy(n mu) 3
75

Heterozygous female carrier STEiTracE] WMVGJU kAR T CARALELd

Wiy M\T\

European Journal of Human Genetics

Family 19018
/-
| I-‘—( )
+/-
1
Z

c.842_843del ;p (His281Argfs*62)

575
il CACAMM

ipnchi> i

AT O ACE T OOT A AL  ALCACAATDOABCAT

WWWNWWM Attty

18.ab1--> Quality(0-100):0
245 3% 385 360

3SATonocT oo oACACT R R T
BB R 8 8 ST 1198 T 5 1 B BT

Family 27983

c.1060+1G>A

5 B0 615620 625 630 6% 6M0 6N
CCACAAOAO@ACCCACMM
465470 47640045 - 490-----406.---- 600 -
CCACAAOAOOACCCACACAOAT AAOOOAAAAAAOGAOOCO0OC

450455 460 4B5 470 __ 475 __ 4p0___4B5 ___4at
CCACAAGAGGACCCACACAGRT AAGGGAAAAAAGE AGGCGGGC

Family 21753

¢.1111A>C; p.(Asn371His)

775

s w0 2ee 260265 270
TGTGACAGACGCT TTGCCAACAGCAGCGACCGT AAG)

T

Quality(0-100):41
S T R P P T
IGIGACAGACGET TG ACAGCAGC GACCGT AAG,
B G 5 1695 e 5 1615 G o S B S B B0

T

Q umn 100):43

s i
A 1 SR SR

MMMWMMWMMWMMM

YoYcArAcArccvrroc
R

Figure 1 Overview of variants in the ZI/C3 gene. (a) Pedigrees of ZI/C3 variant positive families. Squares, males; circles, females; diamonds with 'm', male
stillborns/terminations; +, hemizygous mutation; +/—, heterozygous mutation; —/—, wild-type. Arrows indicate indexes. Reference sequences are based on
Genbank accession numbers NM_003413.3, NP_003404.1 and NG_008115.1. Below pedigrees are representative Sanger sequences of the variants with
the upper line being the reference sequence, the middle line a hemizygous male carrier and the bottom line a heterozygous female carrier. (b) Representation
of the ZIC3 gene (NM_003413.3) and corresponding ZIC3 protein (NP_003404.1). On the right all disease associated variations known in literature. Black:
pathogenic variants; blue: VUS. On the left variations detected in this study, in red, probably pathogenic mutations; blue, VUS. NES, nuclear export signal;
NLS, nuclear localization signal; VUS, variants of unknown significance.
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Figure 1 Continued.

nucleus and cytoplasm. Representative localization patterns are
visualized in Figure 3a—d and division over the three categories is
summarized in Figure 3e.

Overexpression of mutant ZIC3 proteins in zebrafish

Zebrafish are an elegant model to monitor the effect of transcrip-
tion factor mutations on biological activity in vivo, as other studies
have shown previously.3® At 28 h post fertilization the linear heart
tube is formed in zebrafish embryos and is positioned under the
left eye (Figure 4a). Injection of 100 pg mRNA encoding human
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WT ZIC3 in one-cell stage fish embryo’s resulted in >40% of
embryos with a heart tube positioned either at the midline or
under the right eye indicative for a defect in left-right axis
formation (Figure 4). Besides these cardiac laterality defects
injection of WT ZIC3 mRNA also induced more severe phenotypes
such as posterior truncation or embryo lethality. Injections of equal
amounts mRNA encoding for the p.(His281Argfs*62) or the
p-Val288Serfs*50 variants resulted in predominantly WT embryos
demonstrating that these are loss-of-function alleles. Injection
of mRNA encoding for the p.(Asn371His) variant induced cardiac
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Figure 2 (a,b) Autopsy report photographs of the male index fetus of family 23 217. (a) Opened thorax and abdomen with situs inversus. (b) Graphic
representation of situs inversus. (c—h) Autopsy report photographs of male index fetus of family 21 753 (c) heart from the back, (d) heart from the left side,
(e) opened left ventricle, (f) organs seen from the backside, (g) opened thorax and abdomen and (h) liver from the backside. A detailed clinical description of

the fetus is described in the result section.

laterality defects or more severe phenotypes, however, to a lesser
extent compared with injection of WT mRNA, suggesting a partial
loss of function. A minimum of 80 embryos was analyzed for each
construct.

DISCUSSION

In current literature 33 distinct pathogenic variants and several
variants of unknown significance (VUS) have been described in the
ZIC3 gene in heterotaxy patients (Figure 1b and Supplementary
Table 1), providing substantial evidence that loss-of-function or
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aberrant functioning of the ZIC3 protein during embryogenesis is a
cause of heterotaxy. In this study, we screened 348 patients for the
ZIC3 gene. These patients were referred to our Department of Clinical
Genetics for diagnostic testing due to various cardiac malformations
(Table 1) over a time period>10 years. In agreement with previous
reports variants were detected in both males and females. The class
5 variants (pathogenic) were detected only families with a clear
or suggestive clinical history indicative for X-linked inheritance.
No pathogenic variants were identified in sporadic patients. In family
19018, the maternal grandmother was proven not to be carrier of
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Figure 3 Representative subcellular localization of WT and mutated ZIC3
proteins. (a—d) First column represent WT or mutant GFP-tagged ZIC3
proteins transfected in HelLa cells. Second column is the nuclear DAPI
staining and the third column is both columns merged. A minimum of 50
cells were scored for each construct. Scoring was based on three localization
classifications: nuclear, cytoplasmic or both (e).

the variant (Figure 1a), therefore the variant is either de novo in the
mother or present in the asymptomatic grandfather. A definite
genotype diagnosis was seen in family 21753 were the maternal
grandfather proved to be asymptomatic carrier of the familial variant.
This incomplete penetrance in a male carrier has been reported
twice before, where one possible explanation was ascribed either to
a residual portion of functional protein expression or compensation by
other redundant proteins.’’*? One variant in these publications was
p-(Lys408*), located at the very near end of the last zinc finger. As all
major important domains are all still present this possibly explains
residual activity. Our in vivo experiments of the detected mutation in
this family, in which partial loss of function was seen, may confirm
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this hypothesis. The second variant p.Arg350Gly is a very conserved
aminoacid in ZF3. The family is this family had 7 affected males and
one unaffected. It remains unclear why this one male was unaffected.
As stated, we did not detect any pathogenic or likely pathogenic
variants in sporadic patients similar to previous reports.3h3334
Additionally we did not identify any suspicious variants in patients
with isolated TGA (30 patients with TGA, included in the subgroup
cyanotic heart disease) comparable to earlier reports.243134

The final classification of variants in this study was based on
a combination of in silico analysis as described in the Materials and
Methods, together with functional data generated in this study as well
as data from earlier publications. A summary of these data is presented
in Supplementary Table 1 and Figure 1b. Six variants were determined
to be causative, of which five were presumably truncating variants
and one was a missense variant (Figure 1 and Supplementary Table 1).
The truncating variants included one nonsense variant p.(Glu355%),
three frame-shift variants p.(Val228Serfs*50), p.(His281Argfs*62),
p-(Pro290Argfs*118) and one splice-site variant (c.1060+1G>A).
All these variants are located either upstream or within one of the
zinc-finger domains, thereby altering important regions of the ZIC3
protein. None of these variants have been reported before and are
absent from all relevant databases. This study is the first to report on
a splice-site variant in the ZIC3 gene responsible for heterotaxy,
indicating that all types of variants can occur in X-linked heterotaxy
families and that most pathogenic variants are private. The one
missense variant identified p.(Asn371His) in this study is located
in the fourth zinc-finger domain and is expected to be damaging by all
four predictive software programs. We also detected several variations
in the N-terminal alanine-tract (Figure 1b and Supplementary
Table 1) as seen in other studies.*»* We detected the known single
Ala expansion (10-11) three times. This single expansion Ala was
also detected in in-house controls, in both male and female
individuals. Together with the functional data of Cowan et al,** in
which transactivation activity and nuclear localization are unaltered, it
seems that this single expansion is at most a risk factor, but not solely
causative. In addition, we also detected a contraction of the Ala repeat
with three residues (10 to 7) in two patients. However not detected in
controls, this contraction was also found in at least one asymptomatic
male carrier, also contradicting a clear pathogenic character of this
region. However, since Wessels et al.? detected a de novo expansion
of 10-12 Ala residues and not all these variants have been functionally
tested, the relevance of these variants remain to be determined.
When assessing nuclear localization of mutated ZIC3 protein the two
frame-shift variants p.(Val228Serfs*50) and p.(His281Argfs*62) are
predicted to disrupt the previously mapped nuclear localization and
export signals (NLS/NES)3®%7 and localization of these truncated
proteins was divided over both nucleus and cytoplasm (Figure 2b and
¢) in line with Cowan et al.>* However, mutated p.(Asn371His) ZIC
protein, predicted to disrupt one of the mapped NLS and located
in a very conserved region in the ZF4 domain showed no different cell
localization compared with WT protein and was completely localized
to the nucleus in our study (Figure 3a-d). Bedard et al. *® showed that
fragments in this region (350-380, 340420 and 340-466) showed a
mixture of cytoplasmic and nuclear localization and that a mutation in
one of these regions might be sufficient to disrupt nuclear localization.
Our study shows that at least the majority of p.(Asn371His) mutated
protein is located in the nucleus. Zebrafish are an excellent model to
study aberrant gene function during development, specifically genes
involved in the cardiovascular system.*® During the first days of
development zebrafish embryos are not dependent on a functional
cardiovascular system and as such embryos with severe cardiovascular
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Figure 4 Functional assessment of variants in zebrafish. (a) Representative micrographs of cmlc2:GFP zebrafish embryo’s displaying cardiac laterality defects.
The picture on the left shows a normally located left-sided heart (left-sided heart), while the picture in the middle indicates an intermediately positioned
heart (midline heart). The picture on the right illustrates an aberrantly located right-sided heart (right-sided heart). (b) Quantification of phenotypes upon
expression of wild-type human ZIC3 protein and of the indicated variants. A minimum of 80 embryos was analyzed. uic, uninjected control.

defects can be studied. Zic3 expression is restricted to the dorsal site
during gastrulation before laterality is established.>> Overexpression of
wild-type Zic3 (by the mRNA injection) will disturb this pattern
and result in ectopic Zic3 activity (eg, The ventral side of the embryo).
This explains the posterior truncations seen in the embryos injected
with the wt zic3 mRNA (Figure 4b). In this way the ZIC3 mutant
protein were assessed by analyzing the functional defects after over-
expression. Clearly, both frameshift variants p.(Val228Serfs*50) and
p.(His281Argfs*62) that predict an early truncation of the ZIC3
protein before the zinc fingers showed non-functionality as the results
resemble the uninjected controls (uic, Figure 4). So either these
aberrant proteins have no function or (part of) the mRNA transcripts
are eliminated via nonsense-mediated mRNA decay (NMD). On the
contrary the p.(Asn371His) ZIC3 protein partly retains functionality,
which is supported by its nuclear localization. The mechanism
by which this mutated protein still leads to heterotaxy therefore
is likely due to decreased ZIC3 protein expression and/or timely
activity. Concluding, in a cohort of 348 patients with a wide range of
congenital heart disease we have identified six novel pathogenic ZIC3
variants in heterotaxy families. If the patient cohort is split into

European Journal of Human Genetics

'heterotaxy' and 'non-heterotaxy' patients the frequency of ZIC3
mutations is relatively high in the former group (6/114=5,3%) and
absent in the latter group (0/234=0%).

In addition, we are the first to assess the functional consequences of
three ZIC3 variants in both cell lines and a zebrafish model indicating
varying degrees of loss-of-function consequences of mutated proteins.
The combination of results in this study expands the knowledge on
type, effect and clinical implications of ZIC3 variants and will help in
counseling affected families.
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