ESHG

www.nature.com/ejhg

Check for updates

ARTICLE g
Clinical exome sequencing efficacy and phenotypic expansions

involving anomalous pulmonary venous return

3, Inger L. H. Dorf*, Shelagh Joss®?,

12 Alison Kraus'3, Erina Sasaki'®,
21,22
,

Emily A. Huth@', Xiaonan Zhao'?, Nichole Owen'?, Pamela N. Luna’, Ida Vogel
Jill Clayton-Smith®7, Michael J. Parker®, Jacoba J. Louw®, Marc Gewillig@®'®'", Jeroen Breckpot
Usha Kini'*'>, Trent Burgess'®'?, Tiong Y. Tan @ '®"”, Ruth Armstrong'®, Katherine Neas'®, Giovanni B. Ferrero?, Alfredo Brusco
Wihelmina S. Kerstjens-Frederikse (93, Julia Rankin?*, Lindsey R. Helvaty®®, Benjamin J. Landis®®, Gabrielle C. Geddes (257,
Kim L. McBride®®2°, Stephanie M. Ware?®?’, Chad A. Shaw', Seema R. Lalani’, Jill A. Rosenfeld®' and Daryl A. Scott(®"°>

© The Author(s), under exclusive licence to European Society of Human Genetics 2023

Anomalous pulmonary venous return (APVR) frequently occurs with other congenital heart defects (CHDs) or extra-cardiac
anomalies. While some genetic causes have been identified, the optimal approach to genetic testing in individuals with APVR
remains uncertain, and the etiology of most cases of APVR is unclear. Here, we analyzed molecular data from 49 individuals to
determine the diagnostic yield of clinical exome sequencing (ES) for non-isolated APVR. A definitive or probable diagnosis was
made for 8 of those individuals yielding a diagnostic efficacy rate of 16.3%. We then analyzed molecular data from 62 individuals
with APVR accrued from three databases to identify novel APVR genes. Based on data from this analysis, published case reports,
mouse models, and/or similarity to known APVR genes as revealed by a machine learning algorithm, we identified 3 genes—
EFTUD2, NAA15, and NKX2-1—for which there is sufficient evidence to support phenotypic expansion to include APVR. We also
provide evidence that 3 recurrent copy number variants contribute to the development of APVR: proximal 1g21.1 microdeletions
involving RBM8A and PDZKT1, recurrent BP1-BP2 15g11.2 deletions, and central 22q11.2 deletions involving CRKL. Our results
suggest that ES and chromosomal microarray analysis (or genome sequencing) should be considered for individuals with non-
isolated APVR for whom a genetic etiology has not been identified, and that genetic testing to identify an independent genetic
etiology of APVR is not warranted in individuals with EFTUD2-, NAA15-, and NKX2-1-related disorders.

European Journal of Human Genetics; https://doi.org/10.1038/541431-023-01451-4

INTRODUCTION

Anomalous pulmonary venous return (APVR) is a spectrum of
congenital heart defects (CHDs) that involves the direct or
indirect drainage of some or all of the pulmonary veins into the
right atrium rather than the left atrium [1, 2]. In cases of partial
anomalous pulmonary venous return (PAPVR) at least one, but
not all, of the pulmonary veins fails to connect to the left atrium.
In cases of total anomalous pulmonary venous return (TAPVR),
all of the pulmonary veins fail to connect to the left atrium.
PAPVR and TAPVR can be further described as supra-cardiac,

cardiac, infracardiac, and mixed based on their anomalous
connections.

APVR affects approximately 1 in 10,000 newborns and accounts
for up to 2.3% of all CHDs [3, 4]. TAPVR with additional CHDs is
seen in approximately 23% of cases [5]. While PAPVR may rarely
present as an isolated anomaly, it occurs more commonly with
other CHDs, most often an atrial septal defect [1]. Individuals with
TAPVR or PAPVR may also have non-cardiac anomalies. Up to 35%
of individuals with APVR are described as having heterotaxy,
which is defined by the abnormal lateralization or abnormal
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arrangement of organs in the chest and/or abdomen [6]. In this
paper, we have defined non-isolated APVR as having APVR and at
least one other CHD, a non-cardiac birth defect, or a neurodeve-
lopmental disorder.

For a subset of non-isolated APVR cases, a gross chromosomal
disorder, a microdeletion/microduplication, or a single gene
disorder can be identified as the cause. Examples include Turner
syndrome (45,X), cat eye syndrome (MIM# 115470) caused by a
partial tetrasomy of 22q11, and cardiac-urogenital syndrome
(MIM# 618280) caused by pathogenic heterozygous variants in
MYRF. Identifying a molecular cause for APVR can aid in the
development of individualized medical plans and provides the
basis for more accurate risk estimations. However, uncertainty
regarding the efficacy of clinical genetic testing in individuals with
APVR may pose a barrier to genetic testing in some settings, and a
lack of knowledge regarding the genes that cause APVR may lead
to an extension of the diagnostic odyssey and unwarranted
genetic testing for those in whom the causative variant has
already been identified.

Here we use data from 49 individuals to determine the
diagnostic efficacy of clinical exome sequencing (ES) and data
from 62 individuals to identify phenotypic expansions
involving APVR.

SUBJECTS AND METHODS

Database analysis and clinical review

From ~20,000 individuals referred to Baylor Genetics (BG) for ES, we
identified 49 individuals with non-isolated APVR based on their test
indications. Individuals who received a molecular diagnosis based on tests
other than ES were excluded from our efficacy analysis with the exception
of S10 whose diagnosis of thrombocytopenia-absent radius (TAR)
syndrome (MIM# 274000) required identification of a copy number variant
(CNV) and a single nucleotide variant (SNV) in the trans configuration.

Coded information was obtained on 39 individuals with APVR who
carried small CNVs (< 2.5Mb and containing 1-20 protein-coding genes)
from the Cytogenomics of Cardiovascular Malformations (CCVM) Con-
sortium Registry [7].

De-identified data from 12 individuals with non-isolated APVR were
identified from the DECIPHER database, 4 with SNVs and 8 with small CNVs
(<2.5Mb and containing 1-20 protein-coding genes) [8]. Each submitting
center was contacted and approved the publication of their patient’s
clinical and molecular data. S57 is also listed in the European
Cytogeneticists Association Register of Unbalanced Chromosome Aberra-
tions (ECARUCA) database [9].

Classification of SNVs

SNVs reported by BG or listed in the DECIPHER database were reanalyzed
and classified as pathogenic, likely pathogenic, variants of uncertain
significance (VUS), likely benign, or benign based on the 2015 American
College of Medical Genetics and Genomics (ACMG) standards for variant
interpretation using currently available data [10].

Determination of diagnostic certainty

The molecular and clinical data of each case were reviewed to determine if
a definitive, probable, or provisional diagnosis could be made based on
criteria outlined by Scott et al. [11]. Assuming that the phenotypic data
provided in the indication were suggestive of a putative diagnosis, and the
inheritance pattern was consistent, a definitive diagnosis was made if the
individual carried a pathogenic variant(s) in a causative gene. A probable
diagnosis was made if the individual carried 1) a likely pathogenic variant
in an autosomal dominant gene or an X-linked gene in a male, 2) a
pathogenic variant and a likely pathogenic variant or VUS in trans, or two
likely pathogenic variants in trans, in an autosomal recessive gene, or 3) a
mosaic pathogenic or likely pathogenic variant in an autosomal dominant
gene or an X-linked gene in a male. A provisional diagnosis was made if
the individual carried 1) only a single pathogenic variant in a autosomal
recessive gene, 2) two VUSs in trans or a likely pathogenic variant and a
VUS in trans in an autosomal recessive gene, 3) a heterozygous pathogenic
variant in an X-linked gene in a female, or 4) only a VUS(s) in a
causative gene.
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When determining the diagnostic efficacy of clinical ES, we used the
highest diagnostic certainty associated with the SNVs identified in each
subject.

Classification of CNVs
CNVs were reanalyzed and classified as pathogenic, likely pathogenic,
variants of uncertain significance (VUS), likely benign, benign, or
susceptibility locus based on the 2020 American College of Medical
Genetics and Genomics (ACMG) and the Clinical Genome Resource
(ClinGen) technical standards for the interpretation and reporting of
constitutional copy-number variants [12]. Single gene deletions were
called according to the 2015 ACMG standards for the variant interpretation
using currently available data [10].

All CNVs coordinates reported in this manuscript are defined based
on hg38.

Literature and database searches

We searched the OMIM database (https://www.omim.org/), the Mouse
Genome Informatics database (MGI; http://www.informatics.jax.org/), and
the literature for reports in which each candidate gene, their associated
genetic disorder(s), or their mouse homologs were associated with the
development of APVR or other heart defects [13, 14].

Machine learning

We used a previously published machine learning algorithm to rank the
similarity of all RefSeq genes to a training set of 35 genes known to cause
APVR in humans and the human homologs of genes that cause APVR in
mice—ACVR2B, ANKRD1, ANKS6, B9D2, BMPR2, CFAP53, CFC1, CHTOP,
CITED2, DHCR24, DHCR7, DNAH5, FOXC2, GDF1, IFT88, MAPKAPKS5, MED13L,
MEGF8, MMP21, MYRF, NODAL, NTF3, NUP188, PDGFRA, PDZKI1, PITX2,
RPGRIP1L, SLC20A2, SMAD2, TBX1, TBX5, TMEM260, WBP11, WT1, ZIC3—
based on data from Gene Ontology (GO), the Mouse Genome Database
(MGI), the Protein Interaction Network Analysis (PINA) platform, the
GeneAtlas expression distribution, and transcription factor binding and
epigenetic histone modifications data from NIH Roadmap Epigenomics
Mapping Consortium [15, 16].

Leave-one-out cross-validation studies were used to test the perfor-
mance of our machine learning algorithm [15, 16]. The algorithm’s
effectiveness is represented by the area between the receiver operating
characteristic (ROC) style curves in Fig. 1A and the diagonal line that
represents random chance results. This demonstrated that our scoring
algorithm is able to identify known APVR genes more effectively than
random chance.

After validating the algorithm, APVR-specific pathogenicity scores were
generated for all RefSeq genes based on the percentile rank of an omnibus
score produced using fit data from all knowledge sources. By definition,
the APVR-specific pathogenicity scores for all RefSeq genes range from 0 to
100%, with a median score of 50%. In contrast, the APVR-specific
pathogenicity scores of the 35 genes in the training set had a range of
52.3%-100% with a median score of 98.2%, with CFAP53 (52.3%), B9D2
(56.9%), MYRF (58.7%) WBP11 (59.5%), and MED13L (60.8%) being outliers
(Fig. 1B).

Statistical analyses

Two-tailed Fisher's exact tests were performed using a 2x2 contingency
table calculator available through GraphPad QuickCalcs (https://
www.graphpad.com/quickcalcs/contingency1). P-values of < 0.05 were
considered significant. Box plots were generated using the Alcula.com
Statistical Calculator: Box Plot program (http://www.alcula.com/calculators/
statistics/box-plot/).

RESULTS

Diagnostic efficacy of clinical ES

We searched a database of ~20,000 individuals who were referred
for clinical ES and identified 49 individuals with non-isolated APVR
based on phenotypes included in their indications for testing. ES
provided a definitive diagnosis for 7 individuals and a probable
diagnosis for 1 individual yielding a molecular diagnostic efficacy
rate of 16.3% (8/49). Provisional diagnoses were made in 3
additional cases. If included, the molecular diagnostic efficacy rate
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Fig. 1 Machine learning allows all RefSeq genes to be ranked based on their similarity to genes known to cause APVR. A The machine
learning algorithm was trained using 35 genes known to cause APVR in humans and the human homologs of genes that cause APVR in mice.
Receiver operating characteristic (ROC) style curves were generated based on a leave-one-out validation study analysis performed for each
knowledge source: Gene Ontology (GO), Mouse Genome Database (MGI), Protein Interaction Network Analysis (PINA), GeneAtlas expression
distribution (Exp), and transcription factor binding (TF) and epigenetic histone modifications data (Epi) from NIH Roadmap Epigenomics
Mapping Consortium. The black curve represents an omnibus score whose positive deviation indicates that our algorithm can identify genes
in the training set more effectively than chance (diagonal line). After validation, ARMs-specific pathogenicity scores were calculated for all
RefSeq genes. B Box plot showing the algorithmically generated APVR-specific pathogenicity scores for APVR training genes.

of ES for non-isolated APVR increased to 22.4% (11/49). Molecular
and clinical data for all subjects in which a definitive, probable, or
provisional diagnosis was made (51-S11) are shown in Supple-
mental Table S1.

Of the 49 individuals with non-isolated APVR, 15 (30.6%) were
also described as having heterotaxy. For the heterotaxy sub-
cohort, the ES diagnostic yield was 20% (3/15) when only
individuals with a definitive or probable diagnosis were con-
sidered, or 26.7% (4/15) when individuals with a provisional
diagnosis were included. These diagnostic yields were not
significantly higher than the ES diagnostic yield for individuals
not described as having heterotaxy: 14.7% (5/34), p = 0.6869, and
20.5% (7/34), p = 0.7165, respectively.

Of the 49 individuals with non-isolated APVR, 29 (59.2%) were
described as having TAPVR, 15 (30.6%) were described as having
PAPVR, and 5 (10.2%) had unspecified APVR. No statistically
significant differences were found between the diagnostic rates
among individuals with TAPVR vs. PAPVR (3/29, 10.3% vs. 4/15,
26.7%; p=0.2067) even when provisional diagnoses were
included (5/29, 17.2% vs. 4/15, 26.7%; p = 0.4640). Similarly, no
difference was found in the diagnostic rates between individuals
with TAPVR with heterotaxy and those without heterotaxy (2/12,
16.7% vs 1/17, 5.9%; p = 0.5534), even when provisional diagnoses
were included (3/12, 25% vs. 2/17, 11/7%; p = 0.6221). The same
was true for the diagnostic rates between individuals with PAPVR
with heterotaxy and those without heterotaxy (1/1, 100% vs. 3/14,
21.4%; p =0.2667). Last, no difference was found between the
diagnostic yields of the TAPVR and PAPVR sub-cohorts with
heterotaxy (2/12, 16.7% vs 1/1, 100%; p =0.2308) or without
heterotaxy (1/17, 5.9% vs. 3/14, 21.4%; p = 0.3041), even when
provisional diagnoses were included (3/12, 25% vs. 1/1, 100%;
p=0.2308 and 2/17, 11.8% vs. 3/14, 21.4%; p = 0.6358).

Phenotypic expansions involving APVR

To identify phenotypic expansions involving APVR, we analyzed the
molecular data from 62 individuals with non-isolated APVR identified
from the BG clinical database (51-S11), the CCVM Consortium Registry
(S12-S50), and the DECIPHER database (S51-562) (Fig. 2). The SNVs
and CNVs reported in these individuals are summarized in
Supplemental Table S1 and Supplemental Table S2, respectively.
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Within this combined cohort, only S6 carried an SNV in a gene clearly
associated with APVR in humans—a de novo likely pathogenic
¢3118 A> G, p.(R1040G) variant in MYRF. This subject was previously
published, and MYRF has clearly been associated with scimitar
syndrome, a rare variant of PAPVR (MIM# 618280) [17].

The other genes affected by SNVs or CNVs in these individuals
were considered candidate APVR genes. For genes affected by
microdeletions, we focused on genes that are predicted to have
high loss-of-function intolerance (pLI = 0.8 in gnomAD) since they
are the most likely to be able to cause APVR when deleted [18].
When all genes with high loss-of-function intolerance in a deleted
region were not previously associated with CHD development, we
then focused on genes previously associated with CHDs. For
genes affected by copy number gains, we focused on genes with
high triplosensitivity (pTriplo = 0.8 in DECIPHER) and those
predicted to have high loss-of-function intolerance (pLI > 0.8 in
gnomAD) whose function may have been disrupted by the
duplications based on the presence of one or more breakpoints
within the gene [18, 19].

This analysis revealed three genes for which there is sufficient
evidence to support a phenotypic expansion including APVR—
EFTUD2 (S2, S51, S52, and S59), NKX2-1 (S8), and NAAT15 (S7)—
based on having been previously associated with APVR in
published case reports and/or in mouse models and having a
high APVR-specific pathogenicity score (= 80%). Data about these
genes are summarized in Table 1. Data about genes for which
there is insufficient evidence to support a phenotypic expansion
including APVR but have previously been clearly associated with
the development of other forms of CHDs are summarized in
Table 2.

CNVs associated with APVR and CHD

We also identified three recurrently deleted or duplicated
chromosomal regions in our cohort that have been previously
associated with APVR as a typical or atypical cardiac finding. S17
carried a heterozygous 7q11.23 deletion that includes the
Williams-Beuren syndrome (MIM# 194050) critical region [20].
$23-526 and S58 carried heterozygous breakpoint 1 and 2 (BP1-
BP2) 15q11.2 deletions (MIM# 615656), and S57 carries a slightly
larger deletion that also includes GOLGA6L1. S46 carried a

SPRINGER NATURE
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11 individuals with
APVR and SNVs
reported (BG)

39 individuals with
APVR and CNVs (CCVM
Consortium Registry)

12 individuals with
APVR with SNVs or
CNVs (DECIPHER)

Clinical & Molecular Data

Known APVR genes
or genomic regions

Candidate genes or
genomic regions

Reported cases with

APVR?

Reported cases with

Associated with

CHDs?

APVR/CHDs in mice?

High APVR-specific

pathogenicity score?

!

}

Genes or genomic regions with
sufficient evidence to support
phenotypic expansion

Genes or genomic regions with
insufficient evidence to
support phenotypic expansion

Fig. 2 Study workflow. A diagram showing the workflow by which phenotypic expansions involving APVR were identified.

22q11.1911.21 duplication that contains the critical region for cat
eye syndrome (MIM# 115470). There was insufficient evidence to
implicate a specific gene in any of these regions as causative.

To meet criteria for phenotypic expansion, a CNV has to have
been previously associated with APVR in published case reports
and must contain at least one gene with a high APVR-specific
pathogenicity score (=80%) that has been previously associated
with APVR or other CHD in published case reports or in a mouse
model. This analysis revealed two CNVs that met these criteria
(Table 3). The first is a 384.4 kb deletion of chromosome 1g21.1
containing RBM8A and PDZK1 carried by S12 (Fig. 3A). S10, who
has molecularly confirmed TAR syndrome (MIM# 27400), also
carries a 1g21.1 deletion of an unspecified size in trans with a
pathogenic c.-21G>A RBMS8A variant. The second is a 1.05Mb
deletion of 22q11.21 containing CRKL associated with LCR22-B to
LCR22-D central 22g11.2 deletion syndrome carried by S31
(Fig. 3B).

Data from CNVs for which there is currently insufficient
evidence to support a phenotypic expansion including APVR but
that have previously been clearly associated with the develop-
ment of CHDs are summarized in Table 4. Among these CNVs, only
a 5554kb  deletion of chromosome  2931.3g32.1
(chr2:181,915,576-182,470,985) carried by S13 has specifically
been associated with APVR (Fig. 3C). This deletion contains 3
protein coding genes ITPRID2, PPP1R1C, and PDE1A. One individual
with a 625 kb deletion (chr2:181,573,843-182,199,076) including
CERKL, NEUROD1, ITPRID2, PPP1R1C, and PDE1A, and APVR was
previously reported [21]. PDETA has been suggested as the most
likely candidate gene in the deleted region for CHD development
due to its calmodulin dependence, expression in the heart, and
roles in regulating cardiac hypertrophy in animal models [21, 22].
However, we note that PDETA has a pLI score of 0.01, LOEUF score
of 0.53, and an APVR-specific pathogenicity score of 23.1%.
Neither ITPRID2 (pLI = 0, LOEUF = 0.55, APVR-specific pathogeni-
city score = 50.1%) nor PPPIRI1C (pLI = O, LOEUF = 1.74, APVR-
specific pathogenicity score = 29.3%) appear to be compelling
candidate genes. Hence, if deletion of this region is associated
with the development of APVR, it is likely that it is due to the

SPRINGER NATURE

deletion of two or more genes or the disruption of undefined
regulator elements.

DISCUSSION

To inform genetic testing workflows and improve the interpreta-
tion of genetic testing results for individuals with APVR, it is critical
to determine the efficacy of ES in this population and to identify
novel APVR genes. With this in mind, we used data from 49
individuals to determine the diagnostic efficacy of clinical ES and
data from 62 individuals to identify phenotypic expansions
involving APVR.

Diagnostic yield of clinical ES for non-isolated APVR

The diagnostic yield of ES in critically ill newborns with isolated
and non-isolated CHD is relatively low at 7.9% and 15.7%,
respectively [23]. Similarly, we found that molecular diagnostic
yield of ES in individuals with non-isolated APVR was relatively
low: 16.3% (8/49) when considering only definitive and probable
diagnoses and 22.4% (11/49) when provisional diagnoses were
included.

The molecular diagnostic yield in individuals with APVR and
heterotaxy was higher than those who did not have heterotaxy,
20% (3/15) vs. 14.7% (5/34), but was not significantly different
(p=0.6869). Liu et al. identified a similar trend, where the
diagnostic yield of a 485-gene panel for cardiac malformations
was 13.7% (7/51) in fetuses with complex CHDs and heterotaxy
and 7% (2/28) for those with complex CHDs without heterotaxy
[24]. These data suggest that identifiable genetic factors may
play a greater role in the development of APVR and other CHDs
in individuals with heterotaxy than in those without heterotaxy,
but additional studies will be needed before this can be
confirmed.

Although our data provide clear evidence that ES can be utilized
to identify a molecular diagnosis in a significant percentage of
individuals with non-isolated APVR, our results are limited by the
retrospective and de-identified nature of this study. Since the
individuals in this study were ascertained from a clinical ES

European Journal of Human Genetics



I
heta
Hut

E.A.

ias in
1as 1
referral b lated
a -IsO .
d by ith non ctive,
ffecte Is wit| PrOSpe ings.
be a ividuals | ES. ﬁnd'ngs
also indiv linica our of E
ay of C firm ields
m ion for n e ray
Its lati d co hey icroar
su u rre a t roarr
re p fe ies may en ic h
our subpo be re dies etwe alm Is wit
ase, istinct to d stU. sb osom. idua
datab, a d'stlne likely ic-base parison Chrom'n indivi it
WhiCRhare m(?c';n or C“na||0W cor:ne panelséncing) I . mad:VlR
ituti o all e u hav A
APVR stitut als e, g seq y £T
i-in ies may ts (i ome ize ma ields o ent
- mult studies etic tes ole gen R. le size stic yiel appar s.
™ Such ther ge:) or er] ted APV,ted Saandiagno become tanaWSe
. fo} r I a imi R e e
S and otl (™M n-iso t lim int may re m
&) lysis non-is tha ces nce m futu
analy: d and nize ifferen differe orin ~
< isolate ecogniz di h ed tho
- ) |50|ae also r identlfy,—ts. SUce analyz us pa cial
g e W ssible tosubcohohorts ar APVR terozyggibulofa pe
H S impo R co . He n - ty
o g Imp PVI VR ng ith ma da
= = o PA AP involvi jants. ith Imei ha|yl
< z and larger s inv varia dw ion-Alm cephal I
2 S n ion uD2 Ciate Guio icro facia
e« o § whe pans EFT asso M), b m ive .
< ic ex with 2 are MFDM ed Y tinctiv nathia,
Se vy % 2 Phe"°tys‘:)C"ateqn EFTUDepha'y h;racter'zand dis microg Other
25 29 & $ g APVR o ria”tsr'] miCrO,\(/:‘ is N de'ayhypop'asfi'n tags. facial
59 og “ (<) R nic v is wit MFD eec lar lar s tresia, ma-
Ep £ gs 2 g ge tosis 36). sp d ma uricu al a | ano d
T ES c dysos 105 delay, an rea oan ebra and,
£Tc e y! 6 | idface dp ch ert PVR d
<v n © IM# nta mid an I te, re, v TA X an
2 3 M mental g rs, ala atu had ant
> < |Op includin ic ea ft P t st 51 vari icted
— deve inc stic cle. shor ds nse edic )
a8 5 @ icrotia, ay r an ohort, oge hift D) o i
TT 53 o mic s m rdiac ur c ath es (NM daw
B0 5°% 4 5 feature ca In o VO pa fram ay and. ense
= ea try, . . no ic ec y iss
§-u=' %ﬁé g g asymm(ej ep'lepr?iyed add;athogznmRNA iorpzolongoVoA?VR ang
m‘al-"' I ] an ca ite iate inna e P UD?2.
(V] " S lies, ively, inherit edia | pin ied a d EFTI
9] - tiv in -m ma rrie ha f a
= IS spec ly nse nor d ca ic. S59 -10 o for
= re rna nse ab n . 7 S d
N o Ei ate in no ad Ra nic ns Ous ¢ te
e : : i poboamic b
83 88 3 ton. 551 $52 likely dele ant in EFTUD2 ribe VR
£t oP 0 ion. idge. as nic w in esc AP
;E g.ﬁé s g Egsa| brggssiﬁe% pathzg\e/R V‘,’fqovarian:evious::yDﬂA anf:y score
Eo LS jant novo T. shi np M nici rry
o' 2 varia a de with frame e bee ith hoge ho ca A
2 ried a « gs 5fs f have als wi pat w par
<} car iblin r31 tion, ividu cific iduals R as
~ = o s p.Se func indiv R-spe individ APV
N £ Tw elG, of 6 i APV in ith
. . o i ?’,‘ c944d Itin IOSStio'ﬂ ofz's high de tha:ﬁese“t v ic
g ;E E % g to resil:jentiﬁ'ctah EFTUD Concgjz can p athoger;al
o E’.E’,i 2 £ The bined Wés us tic:1 EFTU ozygousvglopmeli:ies
S w S w 2 o com lea iants ter | de a
S & 5 < 0 ria He a m s
3 E-Fgf_g. 2 - (8(?'8tfr)ious va va”'antsh inte”ect:i)ral ab:‘eciozygf\’/:_
z & = N e 15 it hav ith he de
c v & de M. AA d w ith be th uro
: 2 5 < MFD ith N iate ith Wi f ne rum
c = N f it oCi Wi ed o ect X
3 5 < = a} g o jated wi ass 50, ort vels o sp ic
a 5 E g g 2 % - .é VR GSSOCII?I;\A75 alrzomin??(;ua|s r\?apryingdl/eor autlsrgysmorgi:g
T ] = o P i a indiv e n de fee
£ ¢ o 22 = = APV ts in som in hav ities, and! lu s £
3 mﬁ,E S > €2 o &S T rian uto ost Al5 ilities, inc izures, hort,
(0] ] E (I o \ V) va r, a ). M in NA isabi res selz r CO iant
2 ©° 33 33-5 ;& o 5 ) isorde ’17787,' ts in al di featu wth, Inou arian
S 582 223 535 2 g A © vartants 1n /147 pted feat ofects 261, hift v aly
> Q-Sis S5% A = (MIM nic v. inte ume po fects mes om
s E'G'Sﬁ ov i 5, g hoge lays, doc ttern, p ¢ defect fran itar an as
s 5 = & .2 k= at | de her t pa rdia enic imi idual w.
9] 2. g . S 7} o] enta ot isten ly, ca thog d sc ividu ith
< T B 2 = =9 5 lopm but onsi only, pa dha is indivi le w
S Ry g2 < 32 s ° der, ac mm ited an his ale R
w o) = S U] isor ithout co inheri MD T Id m APV
© = Bis, 5% E s 8 diso itho less i fect. e T i
- s % G<E 5 8’ = s g= S ies w nd a“y ion o de 7_yea I d'ng enic
g *""F‘":H% gof % E 0% 3 faci Ities, a atern ncat heart A inclu thog d
S gm-,g ER g S %3 - (S 3 ifficu am intru lex [27]. fect *6 pa rte
o SRS 558 e 8= o NE 2 di ried sult i mple t al. rtde sfs report c
2 > ?_',g ™ 98 39 o S ¥ 'c 5 ] . S7 car d tore re co Fick e lex hea 335Ly . uSly ecifi
e ¢ d'c o als 3 kb g v g o dicte a mo by omp p.Lys revio PVR-sp uals
o Suv <cw_8~— °m“o @2 ¢ pre of rted dac AAA, n p-hA.divld )
g £2 go% ey 82 & ® art epo an elG been hig tin R in
9] SS S e A IR =] 2 S p Iy r me 12d d 5's ha PV
> e u_rul— ) ~T% a iously ro 0 ha 1 t ith A
8 ,a:% g i3 = el g prev'?,l:axy sy‘:dC .100.9n_1 NAA 35 i ll/é\‘l onc'“fjﬁt with
> EE!.-; ﬂdvﬁf\! 2482 @ c heter ied a « toi bine us pres )
. 8 g9 5 3% £ 8 S carr arian m leads an ic
= 3 5] 5 28 9 ho ift v is, co ), le 15 ¢ en
g ¢£ = & e -s 229 @ w hift his, 2%), AA thog .
g 258 B s 3 582 £ mes 9. T @81. in N s pa thyr
S 52 < o %: B < fra 8 2 score iants i gou > hypo d
E ALE S g S 4 E'§§ ) 26, 28, icity ic varia terozy Sis, ) an
5 S = 3 & = = [ gen nic ures. He theto 0978 2-1
2 SEs3 2385 ¢ atho thogenic varl o e oo o Nk
2 s £583 52550 ol P o e 1 varia ith cho (MIM s of N ntly
o = §o28 HAw ¢ o with n to KX2-1 d with 0), While los mina
] S _ w,—‘,;_g e SE 5= & dditio ith N ciate dist Whi I,edO_ luding
< = rvEEme :_8_0.& @ a iated wi ssocl ry 0). p inc |
=} T o =5 o £ ° ] o te e a rato 870 . a _ ata
S 2 EE 3% g’g%% Czes % PVR aSsOCﬁKXZ'7 2:a| reSF(),:AlM# 11re5u|t Aznotypser; neon
<z “‘520._ =>“"m -2 A / in on a to p idism,
- 23fe £e3s 2 e e e ch"rfpo“e‘iu|monarhyypot“yr°
s g Tgo S = > -disn)' be n d is,
o ] 5 ;\é 0 '\g ” 5 ol red|taryhas beeinE: an athetos
z 8 =5 =@ = he tion endocr choreo
° I8 T nc ic, f
2 a = 25 g fueu"o.loglonset °
- I3 -3 5 innfant'le
S -~ T
£ = & Bx Ss h
<3 L I -
(] o B % |
© 52 Es
T ol =
= 58
5 83

E
TUR
RNA
INGE

SPR

an Genetics

Hum

al of

Journ

ean

Europ



E.A. Huth et al.

‘padAiousyd usaq sey [apow asnow ou asnedaq a|qedljdde 10U /N ‘s10949p 1ieay [e3uSBUOd SgHD ‘Uinidl snousA Aleuowind snojewoue YAdy

(61°0=4Nn301
ON/ON ON/ON £06 ‘I = 11d) z44¥DS
(¥rT0=4n301
V/N ON/ON Ts9 ‘L =d) s1aInw
(LeT'sor’le
-685'YSE'0T:TTIYd)
(#9'0 =4Nn301 ‘qQuw so'L
[ry-0v ‘LE€] SOA/ON ON/ON £08 ‘S0 = 11d) 74D SOA/SOA LES uonapep 'L Lbzz |enusd ‘Lz’ L Lbzz uonsjea
(95°0=4Nn301
ON ON/ON 8'89 £6°0 = 1Nd) vewgy
(£S86109%L
[ooov£T #WIWI -CEV'SEQ'STLILIYD)
(1L =4n301 SWOIpUAs snipey 3uasqQy ‘P r8€
[6€-£€] SOA/SOA ON/ON L'L8 ‘0 = nd) izad SOA/ON (01S) Z1S -ejuadoifooquiory ‘I'Lgbl uonseg
iouab
SIYy3} Jo sjapow ¢duab sy ¢uoibai siyy 1oy
asnow 10j payiodas (%) s9401s (gywoub in301 payodal sgHD (syurodyea.iq
ul usss sgHd SAHD/YAdY Kypdruaboyred ‘I1d) uoibaa ui 19430/4AdV [#WIW] uoibau pajajap 8eby) ‘azis
sadua49)9Yy 19Y30/4YAdY Jo sased 1dYy10 synads-yady ssauab ajepipue) JO sased 1By ai »afqns Yiim pajeidosse J1apiosig ‘uoibay jewosowoayd
"YAdY Buinjoaul uoisuedxs didAlouayd e 1ioddns 01 95USPIAS JUSIDYYNS SI DIBYL YdIYM JOJ SAND  °€ d|qel
‘uin1aJ snouan Ateuowind snojewoue [eiued YAdyd ‘s199j9p Heay |enusbuod sgHD ‘uinial snouaA Aleuowind snojewoue YAdy ‘SOIWIOUSD) pue $J11auUdD) |edIpaly Jo 963]j0D ueduawy HADY
9|geqoid iusboyred Ay
[v] SIA (4NdVd 40 3sed 1) SA 6'St ‘lewssiew {(D69eH)d ‘Y<D90LLD '6S  [09£09L #WIWI 31dBINN (0 = 7d) ZHAW
9ARIuYSp [6£91719
S1usboyied ‘jeussled/eussiew #WIW] £L eissupjsAp 0 = d)
[ov] SOA ON 766 ‘(d¥SLH)'d D<V L9y snobAzowoy ‘S Ase> Arewid £012020
19piosip i9piosip fuiensd
/auab siy3 1o} pariodaa /auab siy3 1o} payiodaa (%) @403s Lipiuaboyyed snsoubelp ‘uoneiaidiazul DY (gywoub
SadUa49)9Yy SAHD 434310 jo sase) HAdY jO sased 1ayio sypads-yady ‘aduejdyul queriea ‘gj 33(gns [#WIW] 49piosig 11d) ausp

"4AdY Buinjoaur uoisuedxa didAlousyd e uoddns 03 dUSpPIAS JUBDLYYNSUL AJUSLIND S| IBYY YIIYM 10} SGHD YHM UOIIRIDOSSE UMOUy| pue sasoubelp ajgeqoid 1o SAINULSP YUM SSUSD  °7 3|qe]

European Journal of Human Genetics

SPRINGER NATURE



E.A. Huth et al.

A Chromosome 1
| H DN Bl Ve |m I P EE EmN

BP2 LCR Region 1q2 il gl BP3 LCR Region

145,5?0,000 145,6?0.000 145,7?0,000 145,8?0,%0 145.9?0,000 146,0?0,000 146,1(.)0,000

1 1 L 1 L
T T T ™1 T TT T T T T T
Recurrent proximal 1q21 microdeletion
Liuet al.2 ubject 7

PDZK1 I POLA3C 1TGA10 I POLR3GLEM  HIVI
GPRBIA | , Wurp17]  PEX11BH e
E RNF115 . .PIASS R BM%:( I.L
i i ANKRDéS ANKRD35A
B Chromosome 22
I I I [ ] ||

22q11.2

20,200,000 . 20,400,000 20,600,000 20,800,000 . 21,000,000 21,200,000 21,400,000

H T
i Recurrent central 22q11.2 deletion :

Faurschouet al. 2021

ZhF7al  MED1S SNAP29 [l LZTRIQ ! FAM246A]

ISCARF2]) ‘ SERPIND1 [l CRKLI 5LC744| ! .
KLHL22 PI4KA AIFM3 '
THAP?]] H
TUBA3FP) i
P2rX6 :
LRRC748 i
1

C Chromosome?2
I NN EHI EEESEIEE > I I B EE EE §

2g31.3
181,500,000 ) 181,700,000 . 181,900,000

T L) T L) LI 1 T M M L

Lalanietal.2013, Subject CYmM0114

NEUROD1]| ITPRID2 PDE1A

182,311)0,000 . 182,590,000

CERKL| PPPIRIC

Fig.3 Copy number variants recurrently associated with APVR. A S10 and S12 carried deletions affecting a region of chromosome 1g21.1.
The recurrent deletions associated with TAR syndrome (MIM# 274000) occur between BP2 and BP3 low copy repeat (LCR) regions (shown). S10
has molecularly confirmed TAR syndrome caused by a pathogenic RBM8A sequence in trans with a 1g21.1 deletion of an unspecified size (not
shown). S12 had TAPVR and heterotaxy and carried a 384.4 kb deletion. Liu et al. described an individual who had a complex CHD with
laterality defects and heterotaxy who carried a deletion that included PDZK1 but not RBM8A [37]. The smallest region of overlap is shown by
dashed vertical lines. B S31 had PAPVR and carried a 1.05 Mb central 22q11.21 deletion shown. A mother and her son were previously
reported to both have TAPVR and central 22q11.21 deletions [40]. The smallest region of overlap includes CRKL and is shown by dashed
vertical lines. C 13 had TAPVR and carried a 555.4 kb deletion of chromosome 2g31.3932.1. Lalani et al. previously reported an individual with
APVR and 625 kb deletion [20]. The smallest region of overlap is shown by dashed vertical lines. Currently there is insufficient evidence to
support an association between this region and the development of APVR.

respiratory distress, and recurrent pulmonary infections—other an NKX2-1 frameshift mutation and TAPVR has previously been
phenotypes including CHDs have been reported [30]. In our reported [31]. NKX2-1 also has a high APVR-specific pathogenicity
cohort, S8 had APVR and carried a nonsense pathogenic variant in score (87.2%), suggesting that individuals with deleterious variants
NKX2-1 that was not inherited from her mother. An individual with affecting NKX2-1 can also present with APVR.
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Disorder associated with deleted or

duplicated region [MIM#]

N/A
Chromosome 3929 microdeletion

syndrome [MIM# 609425]

CNVs with known association with CHDs for which there is currently insufficient evidence to support a phenotypic expansion involving APVR.
N/A

Chromosomal Region, size, (hg38

breakpoints)
(chr2:181,915,576- 182,470,985)

Deletion 3929, 1.68 Mb,
(chr3:195,950,438- 197,629,463)
Duplication 16p13.11, 1.86 Mb
(chr16:14,816,348- 16,678,513)

Deletion 2931.3932.1, 555.4 kb,
Deletion 17g25.3, 1.08 Mb,

Table 4.

SPRINGER NATURE

[49, 50]

Yes

No

S42

[51]

Yes

No

S50

N/A

(chr17:82,004,063- 83,087,346)

APVR anomalous pulmonary venous return, CHDs congenital heart defects.

APVR associated with 15q11.2 deletions. Monoallelic deletions of
the 15911.2 region between BP1-BP2 that include NIPA1, NIPA2,
CYFIP1, and TUBGCP5 have been associated with low penetrance
neurodevelopmental disorders, schizophrenia, epilepsy, learning
disabilities, and CHDs (MIM# 615656). We identified 6 individuals
in our cohort (523-S26, S57, and S58) who carried monoallelic
deletions including the 15q11.2 BP1-BP2 region. 15gq11.2 deletions
have been previously published in association with APVR in a
case-control study [32], in a familial case report describing
2 siblings with TAPVR [33], and in a case series that identified 1
individual with APVR and the deletion [34]. Based on the pLI and
LOEUF values from gnomAD and APVR-specific pathogenicity
scores for NIPAT (pLl = 0.01, LOEUF = 1.04, 32.8%,), NIPA2 (pLI =
0.92, LOEUF =0.38, 37.7%), CYFIP1 (pLI = 0.97, LOEUF=0.3,
72.9%), and TUBGCP5 (pLI = 0, LOEUF =0.67, 33.3%), CYFIP1
would appear to be the most likely gene to contribute to the
association with APVR. We note that CYFIPT was independently
identified as a CHD candidate gene by Meerschaut et al. based on
their analysis of CNVs in individuals with CHD [35].

APVR associated with proximal 1q21.1 microdeletions. TAR syn-
drome is most commonly caused by a combination of a 1921
microdeletion that includes RBM8A in trans with one of two
noncoding SNVs in RBM8A and has been associated with the
development of a variety of CHDs [36]. However, S10, who has
molecularly confirmed TAR syndrome based on the identification
of a pathogenic RBM8A sequence variant in trans with a 1921.1
deletion of an unspecified size, is the first to be described as
having TAPVR. S10 was also noted to have heterotaxy.

By themselves, heterozygous proximal 1g21.1 microdeletions
that include the TAR syndrome region between BP2 and BP3 are
associated with developmental delay, dysmorphic features, failure
to thrive, skeletal anomalies, and occasionally, CHDs [37]. S12 had
TAPVR and heterotaxy and carried a 384.4kb deletion
(chr1:145,635,432-146,019,857) of this proximal 1g21.1 region
which included RBM8A, HFE2 (HJV), TXNIP, POLR3GL, ANKRD34A,
LIXTL, PEX11B, ITGA10, ANKRD35, PIAS3, NUDT17, POLR3C, RNF115,
CD160, PDZK1, and GPR89A (Fig. 3A).

It is possible that heterozygous loss of RBMS8A function
contributes to the development of TAPVR (pLI = 0.57, LOEUF =
0.56, APVR-specific pathogenicity score = 68.6%) in some
individuals. Alternatively, haploinsufficiency of other genes in this
region of chromosome 1g21.1 may be required. PDZK1 is another
1921.1 gene deleted in these patients. Liu et al. described an
individual with a 302.5kb 1g21.1 deletion (chr1:145,601,946-
145,809,957; c¢hr1:147,952,586-147,997,136) including RNF115,
CD160, PDZK1, GPR89A, and GPR89C with heterotaxy and
dextrocardia, single atrium, partial atrioventricular canal, and
persistent left superior vena cava [38]. While this individual did not
have APVR, the presence of a complex CHD with laterality defects
suggests that this CNV may increase the likelihood of other
laterality-associated CHDs, including APVR. With a pLl score of 0
(LOEUF = 1.71), it is unlikely that a monoallelic deletion of PDZK1
is sufficient to cause TAPVR. However, PDZK1 has an APVR-specific
pathogenicity score of 81.1% and data from Deciphering the
Mechanisms of Developmental Disorders consortium indicate that
Pdzk1-knockout mice have abnormal cardiac morphology includ-
ing APVR [39]. Hence, monoallelic deletions of PDZK7 may also be
contributing to the development of TAPVR, heterotaxy, or other
forms of CHD associated with 1921.1 deletions alone or in the
setting of TAR syndrome.

APVR associated with central 22q11.21 deletions. Central 22q11.2
deletions span the region between low copy repeats blocks
LCR22-B to LCR22-D and do not include TBX1. These deletions are
associated with renal and urinary tract malformations, develop-
mental delays, cognitive impairments, behavioral problems, and
to a lesser extent than the common 3 Mb 22q11.2 deletion, CHDs

European Journal of Human Genetics



[401. In our cohort, S31 had PAPVR and a 1.05 Mb central 22q11.21
deletion (chr22:20,354,589-21,405,291) (Fig. 3B). A mother and her
son were previously reported to both have central 22q11.21
deletions (chr22:20,319,470-21,108,064) and TAPVR [41]. The
mother in this case report also carried the 15q11.2 deletion
previously described; however, her son did not inherit that
deletion.

CRKL is located in the deleted region and has previously been
proposed as a candidate gene for heart defects [41-43]. CRKL has
a pLl score of 0.45 and a LOEUF score of 0.64 in gnomAD and an
APVR-specific pathogenicity score of 80.7%. CrkI’”~ mice exhibit
defects in multiple cardiac and cranial neural crest derivatives
including the aortic arch arteries, cardiac outflow tract, cranial
ganglia, thymus, parathyroid glands, and craniofacial structures
[44]. Currently, there is insufficient evidence to conclude that
haploinsufficiency of CRKL is sufficient to cause APVR but it may be
contributing to the development of APVR and other forms of CHD
seen in individuals with central 22q11.2 deletions.

Two other genes in this region have high pLI scores and high
APVR-specific pathogenicity scores: MED15 (pLI =1, LOEUF = 0.24,
62.5%) and SCARF2 (pLI = 1, LOEUF = 0.19, 90.7%). Haploinsuffi-
ciency of these genes are not currently known to be associated
with the development of cardiac defects in humans or mice.

CONCLUSION

Based on our results, we conclude that clinical ES should be
considered for individuals with non-isolated APVR for whom a
molecular diagnosis has not been detected by other genetic
testing. Our data suggest that EFTUD2, NAA15, and NKX2-1 play a
role in the development of APVR. If a clearly pathogenic variant in
one of these gene is identified, additional testing aimed at
identifying an independent cause for the APVR may not be
warranted. We additionally conclude that CMA is also a valuable
diagnostic test that can identify a causative CNVs in a subset of
individuals with non-isolated APVR including proximal 1g21.1
microdeletions (RBM8A, PDZK1), recurrent BP1-BP2 15q11.2 dele-
tions, and central 22q11.2 deletions (CRKL). Genome sequencing is
becoming more available on a clinical basis and is a reasonable
alternative to obtaining ES and CMA in individuals with non-
isolated APVR. As additional cases are reported, it is likely that a
subset of the candidate genes and genomic regions for which
there is currently insufficient evidence to support an association
with APVR will ultimately be implicated in the development of this
form of CHD.
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