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Genomic disorders and rare copy number abnormalities are identified in
15-25% of patients with syndromic conditions, but their prevalence in individ-
uals with isolated birth defects is less clear. A spectrum of congenital heart
defects (CHDs) is seen in heterotaxy, a highly heritable and genetically hetero-
geneous multiple congenital anomaly syndrome resulting from failure to
properly establish left—right (L-R) organ asymmetry during early embryonic
development. To identify novel genetic causes of heterotaxy, we analysed
copy number variants (CNVs) in 225 patients with heterotaxy and hetero-
taxy-spectrum CHDs using array-based genotyping methods. Clinically
relevant CNVs were identified in approximately 20% of patients and encom-
passed both known and putative heterotaxy genes. Patients were carefully
phenotyped, revealing a significant association of abdominal situs inversus
with pathogenic or likely pathogenic CNVs, while d-transposition of the
great arteries was more frequently associated with common CNVs. Identified
cytogenetic abnormalities ranged from large unbalanced translocations to
smaller, kilobase-scale CNVs, including a rare, single exon deletion in ZIC3,
a gene known to cause X-linked heterotaxy. Morpholino loss-of-function exper-
iments in Xenopus support a role for one of these novel candidates, the platelet
isoform of phosphofructokinase-1 (PFKP) in heterotaxy. Collectively, our
results confirm a high CNV yield for array-based testing in patients with
heterotaxy, and support use of CNV analysis for identification of novel
biological processes relevant to human laterality.

This article is part of the themed issue ‘Provocative questions in left—
right asymmetry’.

1. Introduction

Heterotaxy is a relatively infrequent (approx. 1:10000) multiple congenital
anomaly syndrome resulting from abnormal specification of the left—right
(L-R) body axis during early embryonic development [1]. In its classic form,
heterotaxy is characterized by combined occurrence of visceral situs abnormal-
ities (gut malrotation, stomach and liver situs anomalies, abnormalities of
spleen positioning or number) and congenital heart defects (CHDs) of varying
complexity, which account for the majority of associated morbidity and mortality.
Over 96% of patients with heterotaxy exhibit some form of CHD [2], often
requiring surgical intervention. Clinical outcomes are disproportionately poorer
than in patients without heterotaxy who have similar CHDs and are typified
by prolonged courses and significantly greater likelihood for post-surgical com-
plications [3—-5]. This clinical picture firmly establishes heterotaxy as not only a
disease of significant phenotypic heterogeneity, but also one of considerable
medical and economic consequence.

© 2016 The Author(s) Published by the Royal Society. Al rights reserved.
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Although heterotaxy typically occurs sporadically and with
unknown cause, its relative risk is highest among all classes of
CHDs, supporting existence of a strong genetic component
[6]. Autosomal recessive, autosomal dominant and X-linked
inheritance patterns have all been described [7]. Mutations in
the zinc finger of the cerebellum 3 (ZIC3) gene are particularly
well documented and are considered to be causative in the
majority (approx. 75%) of familial X-linked pedigrees. Sur-
prisingly, however, ZIC3 mutations underlie only a minority
(83—5%) of sporadic heterotaxy cases [8,9]. Likewise, despite a
conserved and central role for Nodal signalling in establish-
ment of early molecular asymmetries, point mutations in
Nodal pathway components are also not routinely identified
and collectively explain only 5-10% of heterotaxy cases
[10-12]. Mutations in other causative genes are detected at simi-
lar or even lower frequencies, indicating significant genetic
heterogeneity. As a specific genetic etiology is currently identifi-
able in only a minority of patients, there remains enormous
potential for novel gene and pathway discovery.

Copy number variants (CNVs) in the form of complex
chromosomal rearrangements and submicroscopic dupli-
cations
important causes of birth defects and neurodevelopmental
disease [13]. Depending on size and genomic position,

and deletions are increasingly recognized as

CNVs can encompass complete or partial intronic or exonic
regions, can include one or multiple genes, or can disrupt
regulatory regions such as promoters and enhancers. If a
CNV shifts the normal reading frame, this change may lead
to premature truncation and loss-of-function through non-
sense-mediated decay or to gain-of-function if the transcript
escapes decay [14]. Gene interruptions and fusions, positional
effects, recessive mutation unmasking and allelic transvection
events are all additional potential molecular consequences.
The pathogenic significance of a particular CNV is, therefore,
highly dependent on the location of its breakpoints, the geno-
mic content of the intervening deleted or duplicated segment,
and the genomic landscape in which the CNV is situated.

Studies of patients with CHD indicate that CNVs are a
major genetic cause of cardiovascular disease, occurring in
3-25% of patients with extra-cardiac abnormalities and in
3-10% with isolated heart defects [15]. To date, two studies
have employed genome-wide approaches to explicitly exam-
ine the role of CNVs in heterotaxy [16,17]. Analysing a cohort
of 262 patients with classic heterotaxy and/or isolated hetero-
taxy spectrum CHDs, Fakhro et al. [16] identified 45 rare
CNVs in 39 patients, representing a 15% CNV yield in their
phenotypically mixed population. A slightly higher rate of
26% (20 CNVs in 19/74 patients) was reported in a more
recent study that restricted analysis solely to patients with
classic heterotaxy [17]. Yields from both of these studies
approximated those seen in other CHD cohorts [15] and
together support CNVs as important contributors to human
laterality defects.

While copy number variation is now regarded as a major
cause of genetic disease, it is important to recognize that not
all CNVs are pathogenic. Indeed, CNVs are estimated to
encompass between 4.8 and 9.5% of the human genome
[18]. In order to systematically catalogue this genetic vari-
ation, online and clinical databases have been established as
repositories of commonly occurring CNVs. These databases
serve as vital reference points for clinical and research efforts
focused on identifying CNVs of pathogenic significance to
genetic disease.

The flexibility and versatility of array comparative genomic
hybridization (aCGH), and single-nucleotide polymorphism
(SNP) microarrays have made them excellent tools for both
gene discovery and clinical practice. In this study, we have
screened a large cohort of patients with heterotaxy spectrum
malformations using these complementary methods. In total,
we identified rare CNVs in 46/225 (20.44%) patients ranging
in size from large, megabase-scale translocations to smaller,
kilobase-scale CNVs. Excluding CNVs that were considered
to be clearly pathogenic owing to their overall size and com-
plexity, or their genomic content (encompassing regions or
genes previously associated with or identified as definitive
causes of heterotaxy/CHD), we reduced the number of
CNVs suitable for candidate gene analysis to 35 in 30/225
(13.33%) patients. Morpholino (MO)-based loss-of-function
screens in Xenopus laevis were then used to confirm roles for
gene candidates in L-R patterning. In this report, we describe
overall findings from these CNV screens while highlighting
functional testing results for platelet isoform of phosphofructo-
kinase 1 (pfkp), a gene identified as a novel candidate.
Collectively, our analyses support CNVs as a significant contri-
butor to heterotaxy causation and reiterate the value of
genome-wide CNV screening as a tool for identifying novel
laterality genes and pathways.

2. Material and methods

(a) Patient recruitment and phenotypic classification
Detailed phenotypic information was collected from patient his-
tories and chart review. Patients were classified as having situs
inversus (SI) totalis, heterotaxy, or isolated heterotaxy spectrum
CHD following previously defined criteria [9]. As some hetero-
taxy patients with ZIC3 mutations also exhibit VACTERL-like
(vertebral anomalies, anal atresia, cardiovascular malformations,
tracheo-esophageal fistula, renal anomalies, limb abnormalities)
phenotypes, patients with these features are noted. Disease was
considered to be ‘familial” if (i) the pedigree demonstrated auto-
somal dominant, autosomal recessive or X-linked inheritance,
(ii) there was more than one family member with heterotaxy or
laterality disorder regardless of their degree of relationship to the
proband, (iii) there was heterotaxy in the proband and a first
degree relative with isolated CHD or (iv) there was heterotaxy in
the proband and a first degree relative with situs-related defects.
All other patients were considered to have sporadic disease.
Patients with previously identified cytogenetic findings or with
mutations in known heterotaxy genes were excluded from further
analysis. No patient had a previously identified CNV from prior
clinical screening. In total, the final cohort comprised 225 unrelated
patients with assorted situs and/or cardiac abnormalities, includ-
ing 139 males and 86 females. Full cohort demographics are
summarized in table 1.

(b) Chromosome microarray analysis

Genomic DNA was prepared from blood samples following stan-
dard protocols. To evaluate for CNVs, samples were analysed
using genome-wide SNP analysis and aCGH, with platform
choice being dictated by sample availability at time of testing.
The majority of samples were analysed using both platforms,
which allowed cross-validation of CNVs. SNP genotyping was
performed using the Illumina Human370 DNA Analysis Bead-
Chip (42 patients) or Ilumina HumanOmnil-Quad Beadchip
(106 patients) platforms (Illumina Inc., San Diego, CA, USA).
These chips encompassed approximately 370000 SNP markers
(mean spacing 7.7 kb, median 5 kb) or 1000000 SNP markers
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Table 1. Heterotaxy cohort demographics. Percentages are in parentheses and relative to the 225 patient total.

gender
racial and ethnic categories total (%) females
Arabic 2 (0.9) 2
Asian (0 9) 0
Black or African American o 3 (5.8) ‘ 8‘ ‘
Caucasian 90 (40 0) 33
mixed 835 3
unknown 42 (18 7) 19
Hispanic/Latino 68 (30.2) 21
total (%) 225 (100.0) 86 (38.2)

(mean spacing 2.4 kb, median 1.2 kb), respectively. The Illumina
Infinium Assay was performed as described by the manufacturer
using 250 ng of patient DNA. B-allele frequency and log, R ratio
were analysed with Illumina GenomeStudio V2009.2 software,
and DNA copy number changes were prioritized using output
from cnvPartition Plug-in v. 2.3.4 software. Copy number changes
called by each software were compared for samples run on both
platforms, with manual re-inspection of the raw data when a
CNV was identified on a single platform. This approach of cross-
validation and manual data re-inspection identified CNVs that
otherwise would have been missed on a single platform, proving
the additive value of using the two methods.

Array-CGH experiments were completed using a custom array
designed by Baylor Medical Genetics Laboratories (221 patients).
This array has been previously described [19] and was designed
to encompass approximately 180000 oligonucleotides with
whole genome coverage of approx. 30 kb resolution, and exon
by exon coverage of over 1700 genes (mean spacing 4.2 probes/
exon). Generated data were normalized using the Agilent Feature
Extraction Software.

Genotyping data from both platforms were independently
analysed and interpreted by two board-certified cytogeneticists.
Spurious calls were eliminated from raw data, and CNVs meeting
criteria for clinical relevancy were determined following accepted
standards for clinical reporting at each institution, including pub-
licly available online databases and clinical (Cincinnati Children’s
Hospital Medical Center (CCHMC), Baylor) databases of human
genetic variation. Polymorphic CNVs, those located in introns or
in non-genic regions, or those with fewer than three probes or 10
markers on autosomes were not reported. Common calls, observed
more than 20 times in 20 000 cases analysed by Medical Genetics
Laboratories at Baylor College of Medicine, were also not included.

Throughout this report, we provide results derived from each
platform separately whenever possible. For CNVs identified by
aCGH, size data are presented as minimum and maximum
values, with gene content determined using maximum predic-
ted breakpoints. Breakpoint predictions for all CNVs were
completed using human reference sequence Build 36.1, hg18.

(c) In vitro fertilization and Xenopus laevis embryo
staging

Sexually mature wild-type male and female Xenopus laevis were
purchased from Nasco. Oocyte collection and in vitro fertilization
protocols were performed as previously described [20]. Collected
embryos were staged according to the Xenopus developmental
table [21].

inheritance
males familial sporadic unknown
0 0 2 0
2 0 2 0
5 0 03
57 9 64 18
. o . .
23 9 N 21
7 7 I )
139 (61.8) 28 (12.4) 143 (63.6) 54 (24.0)

(d) Morpholino design

All morpholinos were obtained through GeneTools, LLC.
Translation-blocking (TB) morpholinos targeting the translation
start-site were designed for pfkp (5'- CTTCCCGAGCCCTCTC
TCTACTCTC-3’; based on NM_001097850.1) and pitrml
(5-TCTGCCTCACAGCCGCACAAC TATC-3'; NM_001086512)
using NCBI reference sequences. A splice-blocking (SB) morpho-
lino targeting the pfkp exon 8-intron eight splice junction
(5'-AATGAACACAAGCCACTGTACCTCA-3') was also gener-
ated using splice junction sequence obtained by PCR amplification
of stage 47 Xenopus laevis genomic DNA (sense 5-TGTTTATCCCTG
AATACCC-3'; antisense 5'-CAAACTCCCCTAAACAAGTTA-3).
A fluorescein-conjugated zic3 morpholino (5'-ACAATAAAACT
TACCTTCATGTGCT-3') targeting the exon 2-intron two splice
junction was used as a positive control. A standard negative control
morpholino  (5'-CCTCTTACCTCAGTTACAATTTATA-3')  was
purchased to control for effects of microinjection.

(e) pfkp and pitrm1 knockdown

Expression of pfkp during L-R critical stages was confirmed by
RT-PCR using the following cDNA primers: sense: 5-AACCTG
TTCCGGGAAGAATGGAGT-3, antisense 5-ACCCACAGTGTC
TTCCCATGACTT-3'. ODC (ornithine decarboxylase) primers
(sense  5'-GCCATTGTGAAGACTCTCTCCATTC-3, antisense
5-TTICGGGTGATTCCTTGCCAC-3') were used as a PCR amplifi-
cation control [20,22]. All morpholinos were injected into 2-cell
stage Xenopus laevis embryos suspended in 4% Ficoll in 1/3 X
Marc’s modified Ringer’s (MMR) buffer. Injections were targeted
to the animal poles of both blastomeres. For organ situs assess-
ments, embryos were cultured in 0.1X MMR until stage 47, at
which time they were anaesthetized in 0.05% benzocaine and
scored for heart, gut and gallbladder positioning. Embryos with
abnormal situs of two or more organs were classified as having het-
erotaxy, while embryos with involvement of only a single organ
system were considered to have an isolated situs anomaly. Embryos
with mirror-image reversal of all three organs were given a classifi-
cation of SI. Morpholinos were titrated to the lowest dosages
required to yield organ situs defects (pfkp TB = 1.25ng 3nl ™" injec-
tion, pfkp SB=25ng3nl"' injection, zic3 SB=53ng3nl"!
injection). pitrm1 morpholinos were tested across a range of
1-5ng3nl~! injection. Efficiency of pfkp splice blockade was
determined at two stages by RT-PCR. Total RNA was extracted
from stage 9 and stage 25 Xenopus laevis embryos by standard
TRIzol methods (Life Technologies). Exon 8 deletion was con-
firmed by gel electrophoresis and bi-directional sequencing of
the deletion product using primers targeting the 3’ end of exon 7
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(5'-CCAGAGGACCTTTGTGCTGGAAGTTATG-3') and the 5’ end
of exon 9 (5'-ACACAACACAGGCTGGCGTTTC-3). ODC primers
were again used for control of RNA quality and PCR amplification.

(f) Synergy and rescue

Morpholino synergy and mRNA rescue experiments were
performed to confirm specificity of targeting. For synergy exper-
iments, pfkp TB (0.83 ng) and SB (16.7 ng) morpholino doses that
did not independently cause phenotypic abnormalities were co-
or independently injected into both animal poles of 2-cell stage
embryos. Morpholino synergy was demonstrated by a significant
increase in organ situs defects in co-injected embryos relative to
independently injected embryos at stage 47. For mRNA rescue
experiments, in vitro transcribed full-length human PFKP mRNA
was co-injected with pfkp SB morpholino into both animal poles
of 2-cell stage embryos. Successful rescue was demonstrated by a
significant decrease in organ situs defects in mRNA-treated
embryos relative to untreated morphants. Full-length human
PFKP cDNA for mRNA synthesis was generated from Origene
cDNA clone SC118507 by PCR amplification (sense 5-GCAGA
GCTCGTTTAGTGAACCGC-3, antisense 5'-GATGGGCACTCG
CCGATTAG-3). Identities of the cDNA restriction fragment and
PCR product were both confirmed by Sanger sequencing. PFKP
mRNA was subsequently in vitro transcribed by T7 polymerase
using the mMessage mMachine kit (Ambion) following manufac-
turer’s protocols and stored at —80°C. For rescue experiments,
embryos were injected with either 500 or 1000 pg of transcribed
mRNA, either alone or in combination with pfkp MO.

(g) Left—right marker analyses

Xenopus laevis embryos were fixed overnight at 4°C in MEMFA
(4% paraformaldehyde in MEM salts). Fixed embryos were sub-
sequently dehydrated through three consecutive 5min 100%
methanol washes and stored at —20°C. An antisense RNA probe
for the L-R marker, coco was generated from a pCMV-SPORT6
plasmid (provided by Dr Mustafa Khokha) using a T7/SP6 DIG
RNA Labeling Kit (Roche) following manufacturer’s instructions.
Whole-mount in situ hybridizations (WISH) were performed as
previously described [23], with one modification: prior to hybrid-
ization, fixed stage 20-21 embryos were bisected along the
transverse plane into separate anterior and posterior halves, briefly
post-fixed (10 min in 4% MEMFA), and run through a graded
methanol series. Hybridization was performed on both halves,
which were then sorted and appropriately trimmed. Staining
was accomplished using BM Purple alkaline phosphatase chromo-
genic substrate (Roche). Images were captured using a Nikon
SMZ1500 stereomicroscope outfitted with a Nikon DXM1200F
digital camera and processed using Nikon Act-1 (v. 2.62) imaging
software. Coco expression was scored as left-sided biased,
right-sided biased or right/left unbiased by visual inspection.
Final embryo counts included only those embryos that could be
unequivocally classified.

3. Results

(a) Genetic analyses of patients with heterotaxy

identify rare copy number variants
Patients were carefully phenotyped with regard to CHD and
extra-cardiac anomalies (table 2). In total, just under 20% of
patients had isolated CHD, with the remainder having situs
abnormalities of some kind. Of the 225 total patients tested,
148 (65.78%) were analysed by SNP array, 221 (98.22%) were
analysed by aCGH and 144 (64.00%) were analysed using
both platforms. To maximize our chances of identifying

novel causes of heterotaxy, we focused attention on rare n

CNVs encompassing coding regions of one or more genes.
Novel pathogenic or likely pathogenic CNVs were identified
in 46/225 patients, representing an overall CNV yield of
20.4% (figure 1). We compared these 46 patients to the remain-
der of the heterotaxy cohort with common CNVs using two-
tailed Fisher’s exact tests (table 2). Notably, occurrence of
abdominal situs abnormalities was significantly greater in
this patient group compared with the remainder of the hetero-
taxy cohort. In addition, d-TGA was less likely to be associated
with pathogenic or likely pathogenic CNVs (table 2). Thirteen
patients were found to carry large/complex chromosomal
abnormalities (table 3), including an approximate 3 Mb
22ql11.2 critical region deletion consistent with a diagnosis
of 22q11.2 deletion syndrome (DiGeorge syndrome) in a
female patient with abdominal situs abnormalities and CHD
(Patient 6). Another three CNVs affected genes previously
associated with heterotaxy (table 4): a 553-686 kb 2p25.1
duplication encompassing ROCK2 in a male patient with
sporadic and complex CHD (Patient 15), a 1.47-1.61 Mb
3p24.1 deletion encompassing TGFBR2 in a female patient
with familial heterotaxy (Patient 16) and a 2.9-3.3 kb Xq26.2
deletion encompassing the third exon of ZIC3 in a male patient
with sporadic heterotaxy (Patient 14).

As it is important to rule out all potential heterotaxy
gene candidates in a CNV of interest, we prioritized CNVs con-
taining relatively fewer genes for further analysis. Twenty-two
(62.86%) of these 35 ‘CNVs of interest’ involved gains of genetic
material, while 13 (37.14%) involved genetic losses (electro-
nic supplementary material, table S1). As an estimation of
CNV gene content, we performed breakpoint predictions
using available marker/probe positioning. These analyses
were inherently limited by marker and probe spacing, but
suggested 15/22 (68%) gains and 5/13 (38.46%) losses encom-
passed the entire coding region of at least one gene. Only one of
the 22 identified gains (4.55%) and 4 of the 13 identified losses
(30.77%) were predicted to lie entirely within a single gene. The
remaining CNVs affected partial coding sequences or coding
sequences of more than one gene. There was no obvious
chromosome bias among detected CNVs, with CNVs of inter-
est detected on 21/23 chromosomes, the exceptions being the X
chromosome and chromosome 21 (data not shown).

Of the 35 CNVs of interest, seven were more than 1 Mb in
size (SNP size range 1.01-2.78 Mb, mean 1.96 Mb, median
2.06 Mb; aCGH size range 1.08-3.84 Mb, mean 2.02—
2.30 Mb, median 1.86—2.58 Mb), and encompassed between 1
and 18 genes (mean 7; median 7). The remaining 28 CNVs indi-
vidually affected less than 1 Mb of sequence (SNP size range
161.66—-877.08 kb, mean 458.50 kb, median 472.45 kb; aCGH
size range 4.90-960.81 kb, mean 322.04-387.01 kb, median
205.73-279.31 kb) impacting between 1 and 16 genes each
(mean 3.96; median 2).

A total of 165 genes with diverse developmental and mol-
ecular functions were encompassed by the 35 CNVs of
interest (electronic supplementary material, table S2 and
figure S1). Among these genes were a subset with recognized
roles in developmental processes and pathways important for
L-R patterning, including ciliogenesis, transforming growth
factor-B (TGFB) signalling, and cell-cell communication.
Eleven of the 35 CNVs of interest encompassed loci pre-
viously associated with CHD (electronic supplementary
material, table S3), while one (a 1.70-2.59 Mb 2q13 deletion
identified in a patient with sporadic heterotaxy) disrupted a
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Table 2. Phenotypic summary of the 225 patient heterotaxy cohort. AS, aortic stenosis; ASD, atrial septal defect; AV, atrioventricular; BAV, bicuspid aortic valve;
CHD, congenital heart disease; CNV, copy number variant; CoA, coarctation of the aorta; d-TGA, dextro-transposition of the great arteries; DILV, double inlet right
ventricle; DORV, double outlet right ventricle; H) bodies, Howell—Jolly bodies; HLHS, hypoplastic left heart syndrome; IVC, inferior vena cava; I-TGA, levo-
transposition of the great arteries; PA, pulmonary atresia; PAPVR, partial anomalous pulmonary venous return; PS, pulmonic stenosis, including sub, valvar, and
supravalvar but not branch PS; SI, situs inversus; SVC, superior vena cava; TAPVR, total anomalous pulmonary venous return; VACTERL, vertebral, anal, cardiac,
tracheo-esophageal, renal, radial, limb; VSD, ventricular septal defect; n.s., non-significant; S, significant. Bold denotes findings that are statistically significant.

patients with
pathogenic or pathogenic/likely
likely pathogenic patients with pathogenic versus

heterotaxy cohort CNVs common CNVs common CNV

% (n/225) % (n/46) % (n/179) p-value®

overall phenotype
Sl totalis 18 8.00 4 870 14 7.82 07677 (ns.
— m e n mem e o
isolated CHD B 19.11 5 1087 38 2123 0.1416 (ns.
,,,,, e e e e
* normal, familial disease I V7 0 000 1T 056 11,0000 (n.s.)

<

NS

no phénotype details 6 2.67
' abdomen/géstroihtestinal' - '
e e e 00394(5) R
‘bile duct hypoplasia/biliary atesa 3 133 0 000 3 168 10000(ns)
gaIIbIadder e e e e 10000(ns)
malrotation of the gut 48 21.33 9 19.57 39 21.79 0.8418 (n.s.)
asplema T ae n wmw o pe 10000(ns
polysplenia 22 9.78 4 8.70 18 10.06 1.0000 (n.s.
R spleen e 0 e s 10000(ns)
H) bodies 5 2.22 2 435 3 1.68 0.2710 (n.s.

imperforate anus 3 1.33 0 0.00 3 1.68 1.0000 (n.s.)
renal anomalies 1" 489 2 435 9 5.03 1.0000 (n.s.)
5

)
)

R

liver anomalies 35 15.56 1087 0 1676 0375 (hs)
e LS . o . . o .66 L3 |
T s
e e et 435
e et s
limb defects 6 2.67 1
B
levocardia 20 8.89 4 8.70 16 8.94 1.0000 (n.s.)
e e
dextrocardia ‘ B s 2 435 1 615 10000 (ns)
o
common atrium R IR A 1 27 15 83 02038 (ns)
e e e
AL ‘ 7% B8 2 B4 56 3128 01614 (ns.)
e e u wm e

)
single ventricle/LIS 37 164 10 2174 27 1508 02725 (ns)
S

vessels
Sty mm w owme s ws oo

- NCabnomaliey 4 an 7 B2 #2246 080s)

e 1o (ns) R
2.79 1.0000 (n.s.)

)
[
g
N W oo
[
N
=)

(Continued.)
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Table 2. (Continued.)

heterotaxy cohort
% (n/225)
TAPVR 32 14.22
PAPR 6 7N
inflow/outflow
© aottic arch abnormaliies 57 2533
d-TGA 81 36.00
FTGA 31 B8
DILV 14 6.22
oon o ome
PA 49 21.78
e & o
AS 4 1.78
oA w9’
BAV 2 0.89
e e
arrhythmia 16 71

patients with
pathogenic or

CNVs

>18 R
12
n

pathogenidc/likely
likely pathogenic patients with pathogenic versus
common CNVs common CNV
% (n/46) % (n/179) p-value®
b2 Lo By 0810(s)
13.04 10 5.59 0.1038 (n.s.)
s A2 00097 (6)
17.39 31 17.32 1.0000 (n.s.)
L R 03107 (ns)
39.13 47 26.26 0.1013 (n.s.)
2609 o ane 04282 (ns)
2391 47 26.26 0.8511 (n.s.)
s 2 0B s)
6.52 19 10.61 0.5796 (n.s.)
v 06 03678 (ns)
A3 Wm0 )

2

®p-values for statistical significance (p << 0.05) represent comparisons between patients with CNVs of clear or potential pathogenicity and patients with
common CNVs by two-tailed Fischer's Exact tests using Graphpad statistical software (http:/www.graphpad.com/quickcalcs/).

block of 10 genes previously deleted in a similarly affected
heterotaxy patient [24]. CNVs encompassing loci associated
with known microduplication/deletion syndromes but not
previously associated with heterotaxy or CHD are summar-
ized in the electronic supplementary material, table S4. For
candidate gene screens, we prioritized analysis of genes
with known expression during critical L-R developmental
stages in animal studies.

(b) Knockdown of pfkp results in left—right patterning
defects in Xenopus laevis

Because L—R patterning processes are highly conserved across
vertebrate species [25-29], significant knowledge regarding
human laterality can be gleaned from animal studies. We
undertook a Xenopus-based morpholino loss of function
approach to screen identified CNVs for potential heterotaxy
candidate genes. The merits of Xenopus as model for laterality
are extensive and have been reviewed in detail elsewhere [30].

A single patient (Patient 34) from our heterotaxy cohort was
found to carry a heterozygous 175 kb deletion encompassing
the PFKP and PITRM1 genes. These genes encode the platelet
isoform of phosphofructokinase-1 (PFK-1) and the protease
pitrilysin metallopeptidase 1, respectively (figure 2a). This
CNV was of interest as it was identified using both genotyping
platforms and contained an easily testable number of genes,
one of which (PFKP) is a recognized interaction partner of the
H+-V-ATPase proton pump [31,32], a known regulator of
left—right patterning [33]. Notably, the deletion was not pre-
viously described in either online or institutional cytogenetic
laboratory databases (see §2). To assess the effect of pfkp and

pitrm1 knockdown on L—R patterning, TB and SB morpholinos
(GeneTools, LLC.) were designed and injected into both blasto-
meres of 2-cell stage Xenopus laevis embryos. Gut, heart and
gallbladder were then scored for abnormal situs at stage 47
according to published criteria [34]. A significantly greater pro-
portion of pfkp, but not pitrml, morphants developed organ
situs defects relative to uninjected or control morpholino-
injected embryos (figure 2c). Organ situs defects in pfkp mor-
phants were dose-dependent (data not shown). Consistent
with previous reports demonstrating PFK-1 expression in
early development [35-37], pfkp was expressed throughout
stages known to be important for L-R patterning in Xenopus
(figure 2b). These results indicated that pfkp but not pitrml
was a suitable candidate for further study.

In order to confirm pfkp mRNA knockdown in pfkp SB mor-
phants, RT-PCR and gene-specific amplification of whole RNA
from st. 9 (not shown) and st. 25 embryos (figure 24, lane 2) was
completed. Sequencing of the deletion product revealed acti-
vation of a cryptic splice site 13 bp downstream of the intron
7-exon 8 junction, but confirmed deletion of the majority of
exon 8 (96/109 bp). The resulting pfkp transcript is predicted
to encode a truncated, non-frameshifted 754aa (versus 786aa)
protein lacking residues predicted to contribute to ATP binding.
Synergy and rescue experiments using wild-type human PFKP
mRNA- supported specificity of the SB morpholino effect
(figure 3).

In order to confirm an effect for pfkp knockdown on L-R
relevant signalling pathways, we examined expression of the
conserved L—R patterning marker, coco, at the gastrocoel roof
plate (GRP). Ciliated cells of the GRP generate a highly direc-
tional extracellular fluid flow that asymmetrically activates
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Figure 1. Overview of CNV findings. CNVs were designated as ‘common’ or ‘rare’ based on their presence in clinical and online databases of genomic variation
(see §2). (NVs denoted as having “clear pathogenicity” included a diverse array of large/complex chromosomal abnormalities (table 3), as well as CNVs containing
genes previously associated with heterotaxy (table 4). CNVs ‘of interest’ represent CNVs containing potential candidate genes, incuding some identified at loci
previously associated with CHD (electronic supplementary material, table S3) or with microduplication/deletion syndromes (electronic supplementary material,

table S4).

Nodal signalling pathways in the left lateral plate [27]. In this
setting, coco serves as a potent inhibitor of the Nodal ligand,
becoming increasingly restricted to the right side of the GRP
and functioning to prevent right-sided Nodal expression
during flow-relevant stages [38]. This right-sided bias is of criti-
cal importance for the laterality programme: without it, Nodal
signalling asymmetries are improperly established and resulting
embryos develop extensive laterality defects [39]. Consistent
with previous reports [38], we observed a right-sided coco
expression bias in approximately 60% of untreated late-flow
stage embryos (stage 20-21; figure 4). This bias was significantly
reduced in pfkp morphants (44.8%, p = 0.0058). Supporting func-
tional impact. The magnitude of this reduction was comparable
to that observed following knockdown of dnah9, which encodes
an axonemal molecular motor essential for GRP ciliary motility
and extracellular fluid flow [38]. On the basis of these morpho-
lino studies, we identify pfkp as a novel gene associated with
heterotaxy and conclude that the 175 kb CNV encompassing this
gene is the most likely explanation for the laterality phenotype
observed in our patient.

4. Discussion

(a) The dlinical importance of copy number variant
analyses

We have performed comprehensive genome-wide CNV ana-
lyses on a large cohort of 225 patients with heterotaxy and
CHD. These analyses identified clinically relevant CNVs in
approximately 20% of patients, including 7.1% of clear patho-
genicity, a diagnostic yield that indicates newborns with
heterotaxy should have clinical chromosome microarray test-
ing. Specific phenotypic abnormalities were not significant
predictors of identifying a disease causing CNV, with the

exception of abdominal SI (table 2). Future studies will be
important to determine whether specific subclasses of
CHD, such as d-TGA, are less likely to have CNV abnormal-
ities. In addition, the burden of common CNVs present in
individuals with heterotaxy should be further evaluated
since this has been a noted correlation in other diseases [15].

(b) Copy number variant analyses identify novel
heterotaxy gene candidates

As the majority of heterotaxy cases remain unexplained, the
primary goal of study was to identify novel genetic variation
of pathogenic significance to this patient population. Exclud-
ing CNVs of clear pathogenicity (tables 3 and 4), we detected
35 unique CNVs of potential interest for functional testing.
Collectively, these variants encompassed 165 genes of diverse
biological and molecular ontology (electronic supplementary
material, table S2 and figure S1), including a subset with roles
in pathways and processes relevant to laterality. These genes
are individually described below.

The ‘nodal flow” model of L-R patterning proposes that
the vertebrate laterality programme is initiated by asymmetric
activation of Nodal signalling in the left lateral plate shortly
after gastrulation. Evidence from multiple species has solidified
the importance of transient, ciliated organizers in establish-
ing and propagating these signalling asymmetries [25-29].
Mutations affecting ciliary genes have subsequently been
identified as a major cause of heterotaxy spectrum disorders
ranging from ‘classic’ heterotaxy (CHD with visceral situs
abnormalities) to primary ciliary dyskinesia (PCD) and other
ciliopathies [40]. There is significant overlap between PCD
and heterotaxy, with 6-12% of PCD patients having hetero-
taxy [41,42] and an unknown but significant percentage of
heterotaxy patients having PCD [42]. Results from our CNV
screens have identified rare variants encompassing a number
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Figure 2. pfkp but not pitrm1 Xenopus laevis morphants develop organ situs defects. (a) Genes in (NV interval. Source: USCS genome browser (https:/genome.ucsc.
edu/). (b) RT-PCR results demonstrate that pfkp is expressed throughout critical L—R patterning stages. ODC, ornithine decarboxylase. (c) pfkp knockdown in 2-cell
embryos causes heterotaxy in Xenopus. Situs defects in st. 47 morphants are shown relative to zic3 control morphants and uninjected controls. (d) Confirmation of
exon 8 deletion in pfkp SB morphants by RT-PCR targeting the exon 8—intron 8 splice junction. Upper schematic: small horizontal arrows denote primer annealing
sites. The horizontal line without an arrowhead denotes the SB morpholino target site. The severely truncated exon 8 (see §3) is represented by cross-hatching.
Lower panel (RT-PCR): large arrowhead denotes the pfkp deletion fragment. SB, pfkp splice block. (Online version in colour.)

of genes with cilia-related functions, including TTC21B,
CEP290, TTBK2 and CFAP126. Two of these, CEP290 and
TTC21B, are recognized causes of human ciliopathies and are
known to play critical roles in cilia assembly and transport
[43,44]. Mutations in TTC21B, which encodes the retrograde
intraflagellar transport protein, THM1/IFT139, cause both
nephronophthisis 12 (end-stage renal disease) and short-rib
thoracic dysplasia 4 (skeletal anomalies with or without
polydactyly) [45]. Similarly, TTC21B knockdown in mice is
characterized by preaxial polydactyly, cleft palate, micro-
ophthalmia and brain abnormalities. Retrograde ciliary
transport is disrupted, leading to impaired cilia growth and
downstream Sonic hedgehog (Shh) signalling [43]. The pheno-
typic spectrum resulting from CEP290 mutations is even more
striking as pathogenic variants have been associated with a
diverse array of ciliopathies without any obvious genotype-
phenotype correlations [44]. Functionally, the CEP290 protein
localizes to both the cilia transition zone [46] and to centriolar
satellites, where it interacts with a number of other ciliary
proteins required for cilia formation [47]. Knockdown of
CEP290 in cultured mammalian cells disrupts satellite localiz-
ation, preventing assembly of a functional cilium [47]. Similar
disruption of centriolar satellites by morpholino-mediated
knockdown of pericentrin (pcm1) in zebrafish yielded inverted
heart looping in nearly 50% of morphant embryos [47]. These
results suggest pathogenic potential for CEP290 mutations via
loss of centrosomal protein targeting and ciliary assembly.
While CEP290 mutations have not yet been reported as
causes of human heterotaxy, at least one patient with SI has
been identified to carry a CEP290 mutation [48].

Two other ciliary genes, TTBK2 and CFAP126, were ident-
ified in CNVs in the heterotaxy cohort. The first, TTBK2,
encodes a serine/threonine kinase essential for intraflagellar

transport (IFT) protein recruitment. Its localization to cen-
trioles is an initiating step of ciliogenesis and is required to
promote elongation of the ciliary axoneme [49]. Like
TTC21B and CEP290, mutations in TTBK2 prevent formation
of a functional cilium and are a recognized cause of disease in
both humans (spinocerebellar ataxia 11) and bartleby (bby)
mutant mice. TTBK2 mutations have yet to be reported
among patients with heterotaxy; however, mice homozygous
for bby mutations exhibit randomized heart looping indicative
of impaired LR patterning, in addition to other defects stem-
ming from disrupted ciliogenesis (holoprosencephaly, limb
defects, twisted body axis). Comparatively less is known
about CFAP126, a newly characterized protein important for
basal body docking and cilia positioning [50]. Nevertheless,
expression has been noted at the mouse embryonic node as
early as E7.75, placing CFAP126 at the correct location and
time for impacting laterality [51].

In addition to these ciliary genes, two rare CNVs encom-
passing members of the TGFB superfamily were identified.
The first, a duplication involving the Nodal signalling modu-
lator, NOMO3, was detected in a male patient with sporadic
heterotaxy (Patient 19). NOMO3 exists as one of three highly
similar genes on chromosome 16p12-p13 and is thought to
act as a direct Nodal signalling antagonist, acting indepen-
dently of other Nodal modulating pathways [52]. The
second CNV, a duplication identified in a male patient
with familial heterotaxy (Patient 40), encompassed LTBP1,
a TGFB binding protein with roles in TGFB1 assembly,
secretion, and targeting. Deletions involving LTBP1 have
been previously associated with outflow tract (OFT) defects
[53], but have not yet been reported among patients with het-
erotaxy. Intriguingly, experiments in Xenopus have identified
LTBP1 as a potent activator of Activin and Nodal signalling,
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block; TB, translation block.

indicating potential for involvement in L-R relevant
pathways [54].

Rare CNVs involving four distinct microRNAs (miR-148a,
miR-455, miR-484 and miR-2117) were also identified in the
heterotaxy cohort. Considering known functions in the context
of LR patterning, miR-418a is the most notable as it is a direct
inhibitor of both ACVR1, an activin receptor [55] and ROCK1, a
rho-associated kinase [56]. Although neither protein has been
directly associated with laterality, family members of both
(ACVR2B and ROCK2) are known genetic causes of heterotaxy
in human patients [16,57].

A total of 10 rare CNVs were identified at loci previously
associated with CHD (electronic supplementary material,
table S3). To the best of our knowledge, only one of these, a
large 1.7-2.6 Mb 2q13 duplication detected by oligoarray in a
male patient with sporadic heterotaxy and complex CHD
(Patient 29), affects a locus previously associated with hetero-
taxy [24]. The duplicated region encompassed 10 genes
(electronic supplementary material, table S1) and was identical
in gene content to a 1.62 Mb deletion detected in a patient with
a similar laterality phenotype [24]. Genomic imbalances

spanning approximately 1.7 Mb and encompassing the same
10 genes have been described in a number of other patients
with CHD but who are otherwise lacking overt situs abnorm-
alities [24,58-61]. No specific microduplication/deletion
syndrome has been defined; however, brain abnormalities
were suggestive of Joubert syndrome in one individual [60].
Recent knockdown studies in zebrafish have identified
FBLN7 and TMEMS87B as the genes most likely to be causative
for CHD; however, their exact roles in cardiac development
have yet to be determined [61]. In our patient, a second,
larger CNV was also identified upstream of this region and
included an additional 18 genes of uncertain pathogenic sig-
nificance. Predicted breakpoints of the two intervals were
non-overlapping but were in immediate proximity, suggesting
the possibility of a single duplication event.

(c) PFKP as a novel cause of heterotaxy

PFKP, encoding the platelet isoform of the glycolytic enzyme,
phosphofructokinase-1 (PFK-1), was among the top hetero-
taxy candidates genes identified in the cohort. Using
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Figure 4. pfkp knockdown disrupts right-sided coco bias. (a) Representative images of coco expression at the gastrocoel roof plate (GRP) in st. 20—21 embryos.
(b) Schematic depicting right-sided coco bias during post-flow stages. Reduced coco expression on the left-side permits initiation of the Nodal signalling cascade by
alleviating inhibition of Xenopus Nodal related-1 (Xnr-1). Downstream transcription factors (Pitx2) important for initiating asymmetric organ morphogenesis are
activated. High levels of right-sided coco expression repress similar activation of Nodal signalling on the right side. (¢) Relative to control embryos, significantly
fewer pfkp morphants exhibited right-sided bias of coco expression (p = 0.0058, two-tailed Fisher's Exact test). (Online version in colour.)

established morphlino-based methods for candidate gene
screening [16,20], we have identified pfkp as a novel regulator
of laterality in Xenopus laevis.

PFK-1 is the rate-limiting enzyme of glycolysis, catalysing
the irreversible conversion of fructose 6-phosphate to fructose
1,6-bisphosphate. In both human and frog, PFK-1 exists as
three isoforms, each encoded by a unique locus and named
in accordance with adult expression (muscle, M; liver, L and
platelet/fibroblast, P). Bi-allelic loss of function mutations in
PFKM result in diabetes as well as glycogen storage disease
type VII (Tarui’s disease) [62]. Our interest in PFKP was
therefore additionally piqued by an unexplained, but long-
recognized, increased risk for heterotaxy among the children
of diabetic mothers [63].

Our study (figure 2b) and others [35-37] have shown that
PFK-1 is expressed throughout early Xenopus development.
Expression is most readily detected in the animal pole and mar-
ginal zone during gastrulation, and at high levels in the neural
tube, neural crest and adjacent tissue during neurulation [64].
Overall levels of expression increase as development proceeds,
particularly in dorsal tissues [64]. At least in humans, there
does not appear to be a specific ‘fetal’ isoform as all three
types are uniformly expressed in early embryonic stages: it is
only as organ systems begin to develop that isoform-specific
expression patterns begin to emerge [37,65]. Intriguingly,

PFKP is the sole isoform identified at significant levels in
fetal heart, which contrasts sharply with a preponderance of
PFKM in adult cardiac tissue [65]. The significance of this find-
ing, particularly with respect to CHD and heterotaxy, is
currently uncertain. Because our morpholinos were designed
to explicitly target the 5 untranslated region of PFKP and not
the M and L subtypes (which are encoded by different
genes), it also remains to be seen whether embryonic knock-
downs of these isoforms similarly disrupt L—R patterning.

In Xenopus, catalytic activity of PFK-1 isoforms [35] and
overall rates of glycolysis [36] are very low until gastrulation
[36]. As L-R patterning mechanisms may operate during
early cleavage stages [66], roles for PFKP in L-R patterning
could manifest in the pre-gastrula. Possible non-glycolytic func-
tions for PFKP must therefore also be considered. It is potentially
noteworthy that a non-glycolytic role in early dorsal patterning
has recently been demonstrated for PFKFB4, one of five known
isoforms of phosphofructokinase-2 (PFK-2) [67].

How might PFKP regulate L—R patterning independently
of glycolysis? Isoforms of PFK-1 are known to bind the a-sub-
unit of H+-V-ATPase [31,32], a plasma membrane and
vacuolar proton pump whose inhibition in pre-gastrula
stages results in significant defects in a number of L-R pat-
terning processes including ion-flux (Xenopus/chick), LRO
and cilia development (zebrafish) and Nodal signalling
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(chick/zebrafish) [33,68]. Together with observations from
yeast that PFK-1 is required to maintain activity of the
H+V-ATPase proton pump and that even a catalytically inac-
tive PFK-1 is capable of completing this function [31], a
reasonable hypothesis is that PFKP knockdown may impact
L-R patterning through loss of a functionally critical inter-
action with the H+-V-ATPase a-subunit. As recent zebrafish
studies indicate a primary role for H+-V-ATPase in KV for-
mation [68], it is possible that PFKP may impact L-R
patterning in a similar manner. Interestingly, a rare duplication
involving the gene ATP6V1GI1, which encodes the G-subunit
of H+-V-ATPAase, was also identified in a male heterotaxy
patient in our cohort (Patient 41). Like the a-subunit, the
G-subunit contributes to the peripheral stator stalk, the
non-rotating connection between the V; and V, halves of
the ATPase [69]. Two of three dimers composed of E- and G-
subunits attach to the a-subunit at its amino terminal domain,
a site thought to be of importance for a-subunit function [70].

(d) Study limitations
Sample collection from trios (proband and parents) was not
feasible in many cases. As a result, determinations of de novo
inheritance were not possible. Similarly, while a few instances
of copy number mosaicism were identified, direct comparisons
between mosaic and non-mosaic CNV carriers were prevented
by the rarity of individual CNVs. Cut-offs for CNV calling
were also set at a minimum coverage of three markers/
probes per CNV, restricting downstream genetic and func-
tional analyses to variants exceeding these minimum size
thresholds. While more difficult to detect reliably by microar-
ray approaches, small exonic CNVs of 1-30kb have been
suggested to contribute to susceptibility of some genetic
diseases [71]. Finally, analyses were restricted to CNVs invol-
ving coding regions of at least one gene, ignoring variants
solely impacting intronic or regulatory sequences. Genetic vari-
ation in non-coding regions, while typically of less obvious
functional significance, has been linked to genetic disease
[72-74] but would not have been considered in our study.
Our analyses of PFKP as an L-R patterning candidate
were limited by an inability to definitively verify isoform-
specific knockdown by Western blotting as the M and L
isoforms are of similar size and commercially available
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