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The ERBB2 c.1795C>T, p.Arg599Cys variant
is associated with left ventricular
outflow tract obstruction defects in humans
Minna Ampuja,1 Sabina Ericsson,1 Ilkka Paatero,2 Iftekhar Chowdhury,3 Jenna Villman,2
Martin Broberg,1,4 Amanda Ramste,1 Diego Balboa,1 Tiina Ojala,5 Jessica X. Chong,6
Michael J. Bamshad,6 James R. Priest,7,8 Markku Varjosalo,3 Riikka Kivelä,1,9,10,12
and Emmi Helle1,5,11,12,13,*

Summary

Non-syndromic congenital heart defects (CHDs) are occasionally familial and left ventricular outflow tract obstruction (LVOTO) de-
fects are among the subtypes with the highest hereditability. The aim of this study was to evaluate the pathogenicity of a heterozygous
ERBB2 variant c.1795C>T, p.Arg599Cys identified in three families with LVOTO defects. Variant detection was done with exome
sequencing. Western blotting, digital PCR, mass spectrometry (MS), MS microscopy, and flow cytometry were used to study the func-
tion of the ERBB2 variant c.1795C>T. Cardiac structure and function were studied in zebrafish embryos expressing human ERBB2wild
type or c.1795C>T. Proband-derived human induced pluripotent stem cell cardiomyocytes (hiPS-CMs) and endothelial cells (hiPS-ECs)
were used for transcriptomic analyses. While phosphorylation of the ERBB2 p.Arg599Cys receptor was not altered, the variant affected
dramatically the binding partners of the protein, indicating mislocalization of the mutant ERBB2 from plasma membrane to endo-
plasmic reticulum. Expression of human ERBB2 p.Arg599Cys in zebrafish embryos resulted in cardiomyocyte hypertrophy, increased
cardiac wall thickness, and impaired fractional shortening. Transcriptomic analyses of hiPS-ECs and hiPS-CMs from an individual with
the c.1795C>T variant showed aberrant expression of genes related to cardiovascular system development and abnormal response to
oxidative stress in both cell types. In conclusion, the heterozygous variant ERBB2 c.1795C>T, p.Arg599Cys leads to abnormal cellular
localization of the ERBB2 receptor and induces structural changes and dysfunction in the zebrafish embryo heart. This evidence ex-
pands previous findings from animal studies to humans and suggests variants in ERBB2 may be associated with CHD.

Introduction

Left ventricular outflow tract obstruction (LVOTO) is a
subgroup of congenital heart defects (CHDs) affecting
the left side of the heart—the mitral valve, the left
ventricle, the aortic valve, and the aorta. The severity of
LVOTO defects range from the often initially asymptom-
atic bicuspid aortic valve (BAV, MIM: 109730) to complex
defects, such as hypoplastic left heart syndrome (HLHS,
MIM: 241550), representing one of the most severe forms
of CHD. In HLHS, mitral and aortic stenosis or atresia
combined with left ventricular hypoplasia result in the
left side of the heart incapable of adequately supporting
the systemic circulation. This necessitates palliative pro-
cedures, ultimately leading to the establishment of single
ventricle physiology.
Non-syndromic CHDs are often hereditary, and LVOTO

defects are among the subtypes with the highest heredit-

ability—they have been shown to be associated with a
20% incidence of CHD in the first-degree relatives.1,2

Around 5%–15% non-syndromic CHDs are estimated to
bemonogenic, and it has been suggested that themajority
of CHDs are oligogenic with two or more predisposing ge-
netic variants contributing,3,4 or multifactorial, occurring
due to a combination of genetic and environmental
risks.5–8 Indeed, genetic susceptibility in the form of rare
risk alleles with modest effect sizes have been observed
in genome wide association studies (GWAS) for
LVOTO9,10 as well as for other CHDs.9,11,12 Out of envi-
ronmental risks, maternal diabetes, obesity, advanced
maternal age, maternal hypertension, maternal medica-
tions, and certain viral infections during early pregnancy
are the most well documented.5,13–18

Identifying genes associated with non-syndromic CHDs
and LVOTO defects even in familial cases is complicated
by their reduced penetrance and variable expressivity.19,20
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While monogenic forms with autosomal dominant inher-
itance due for example, to truncating variants in NOTCH1
(MIM: 190198) have been identified as causal in some
LVOTO families with multiple affected members,21–24

most familial cases remain without a genetic diagnosis.
As the yield of genetic testing in isolated CHD is currently
low, it is not generally recommended unless there is suspi-
cion of an underlying genetic syndrome.25,26 An excep-
tion to this for left-sided lesions is supravalvular aortic ste-
nosis (SVAS, MIM: 185500), where causal ELN variants are
occasionally identified.25

CHDs are heterogeneous, with each gene accounting for
a small number of monogenic causes. Therefore, establish-
ing clear gene-disease relationships is essential for
improving the diagnostic yield in CHD. In addition, it
may aid to unravel the complex molecular mechanisms
of cardiac development and the cellular-level events lead-
ing to CHD.9,10 The relatively genetically homogeneous
Finnish population provides an excellent opportunity
to identify disease-related variants compared with
more heterogeneous populations27—especially as there
are regional differences in the prevalence of certain CHD
subtypes within Finland.28

To gain further insight into the genetic etiology of
LVOTO and human cardiac development, we conducted
exome sequencing in Finnish LVOTO subjects and fam-
ilies with multiple affected members to identify new
LVOTO-associated loci. We identified an ultra-rare
variant in ERBB2 (MIM: 164870) that segregated with dis-
ease in three unrelated families. ERBB2 is amember of the
epidermal growth factor (EGF) receptor family of recep-
tor tyrosine kinases. ERBB2 binds to other EGF receptor
family members forming heterodimers and signals
through Akt, MAPK, and other pathways. ERBB2 is a
known oncogene, but it has also been shown to be essen-
tial for heart development in animal models.29–33 How-
ever, its role in the human heart development has not
been demonstrated.

Materials and methods

Expanded materials and methods section is provided in the
supplemental information.

Responsible science
This study has been designed according to The Helsinki Declara-
tion and the Conventions of the Council of Europe on human
rights. The study protocols have been approved by the Ethical
Committee of Helsinki University Hospital District. Written
informed consent has been obtained from all study participants
over 6 years of age and from their parents/guardians if the partic-
ipants are minors. Analyses of zebrafish embryos were carried out
under the licenses GTLK/004/E/2016, ESAVI/31414/2020, and
ESAVI/44584/2023 (granted by Project Authorization Board of
Regional State Administrative Agency for Southern Finland) ac-
cording to the regulations of the Finnish Act on Animal Experi-
mentation (62/2006). The study was carried out in compliance

with the ARRIVE guidelines and the Directive 2010/63/EU of
the European Parliament on the protection of animals used for
scientific purposes. The research in this study was performed at
University of Helsinki (Finland), University of Turku (Finland),
Stanford University (United States), and University of Washing-
ton (United States).

Study cohort and exome sequencing
We recruited a study cohort of 137 pediatric study subjects (age
0–15 years) who were followed up for left ventricular outflow
tract obstruction (LVOTO) defects from Helsinki University Chil-
dren’s Hospital (Table S1). Study subjects with a known or sus-
pected syndrome or study subjects with extracardiac congenital
malformations were not included. As our institution does not or-
der genetic testing for isolated CHD, unless syndromic etiology is
suspected, none of the included study subjects had undergone
previous clinical genetic testing. In addition to the probands, par-
ents were recruited for exome sequencing when available, and in
the case of known family history, also other available family
members were recruited. Of the 137 study subjects, 79 were sin-
gletons, 50 were trios, and eight were families with multiple
affected members (total number of sequenced subjects was
274). Study subject recruitment and data collection were done be-
tween 2014 and 2023. Exome sequencing was performed by the
University of Washington Center for Mendelian Genomics Seat-
tle, USA, and Blueprint Genetics Ltd. All persons sequenced
were of self-reported Finnish ancestry.

Variant calling
After filtering out duplicates and outliers based on genome qual-
ity, we used 275 hg38 aligned BAM files from both Blueprint
Genetics (BPG, 173 exomes) and University of Washington
(UW-CMG, 102 exomes) for variant calling using Freebayes
v1.3.1.34We used the following settings for freebayes: –min-map-
ping-quality 20 –min-base-quality 20 –min-alternate-count 20
–min-alternate-fraction 0.2 –no-partial-observations. The sam-
ples were compared against the gnomAD 2.1 database for detect-
ing potential novel variants. We identified extremely rare (minor
allele frequency [MAF] < 0.0001) and novel variants present in a
minimum of three probands in known CHD-associated genes
and genes known to be associated with cardiac development.35

Human induced pluripotent stem cell lines
Four human induced pluripotent stem cell lines (hiPSCs)
(HEL47.2, HEL24.3, HEL46.11, and HEL149.2) were obtained
from the Biomedicum Stem Cell Center Core Facility. The cell
lines were created by using retroviral/Sendai virus transduction
of Oct3/4, Sox2, Klf4, and c-Myc, as described previously.36,37

hiPSC line K1 was a kind gift from Anu Suomalainen-
Wartiovaara. hiPSCs were maintained in Essential 8 media
(A1517001, Thermo Fisher Scientific) on thin-coated Matrigel
(354277, dilution 1:200; Corning). The cells were passaged using
EDTA. The cells were routinely tested for mycoplasma with
MycoAlert Mycoplasma Detection Kit (Lonza, LT07-218).

scRNA-seq bioinformatics
Analysis was performed in R-studio using Seurat version 4.3.0.
Cells with a minimum of 200 features, maximum of 8,000 fea-
tures and <30% mitochondrial content were included. Normali-
zation was carried out using “NormalizeData” and “ScaleData”
and “FindVariableFeatures.” To integrate the data we used
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“SelectIntegrationFeatures,” “FindIntegrationAnchors,” and “In-
tegrateData” functions. Principal-component analysis (PCA)
was carried out on highly variable genes (dims = 1:30,
Resolution = 0.2), these were used for uniform manifold approx-
imation (UMAP). FindAllMarkers function was used to find differ-
entially expressed genes. Establishedmarkers on The Human Pro-
tein Atlas and published literature were used to annotate cell
types.

RNA-seq bioinformatics
The data were analyzed using Chipster software.38 Differential
expression was calculated using DEseq2. Genes with adjusted
p values of <0.05 for the log2fold-change were considered signif-
icant. Only genes with log2Fold-change on >0.25 were included.
DAVID Bioinformatics Resources 6.8 was used for gene ontology
(GO) analysis.39,40

Zebrafish (Danio rerio) transgenesis and
videomicroscopy
Vectors containing ERBB2 WT and ERBB2 c.1795C>T, as well as
empty vectors with mCherry-CAAX (Figure S1) under myocar-
dium-specific cmlc2-promoter were injected into 1–4 cell stage
zebrafish embryos (casper or kdrl:EGFP line) using Nanoject II mi-
croinjector (Drummond Scientific). One day after injection, the
dead and malformed embryos were removed, and embryos were
cultured in E3-medium supplemented with 0.2mM 1-phenyl
2-thiourea (PTU) until analyzed. Injected embryos displaying
mCherry-CAAX fluorescence were selected for phenotypic
analyses (median percentage of cardiomyocytes expressing
mCherry-CAAX was 24% [interquartile range 13%–36%, n = 52
embryos]). Embryos were anesthetized with MS-222 (200 mg/L)
and allowed to acclimatize to room temperature for at least
30 min before videos were taken at four dpf using Zeiss
AxioZoom stereomicroscope and imaging at 30 fps frame rate.
Five- to 10-s movies were recorded from each embryo. After imag-
ing, the zebrafish embryos of 4 dpf were euthanized under
terminal tricaine (Ethyl 3-aminobenzoate methanesulfonate,
200 mg/L) anesthesia by fixation in 4% formaldehyde. Videos
were analyzed with FIJI software.41 Statistical analyses were
done with GraphPad Prism 8 software.

Results

A missense single-nucleotide variant (SNV) in ERBB2
(chr17:39717377 C>T, NM_004448.4:c.1795C>T, p.
Arg599Cys (GRCh38), rs369903296) was identified in
three unrelated probands with LVOTO defects (Figures
1A and 1B). All three of these probands were familial
cases with multiple affected members. All three probands
had severe phenotypes, and they were diagnosed either
prenatally or during the first days of life (Proband of fam-
ily 1: HLHS [including BAV, hypoplastic aortic arch,
coarctation of the aorta, atrial septal defect, left superior
vena cava]; Proband of family 2: Shone’s complex and
ventricular septal defect [VSD] [including aortic valve
stenosis, mitral stenosis (parachute valve), coarctation
of the aorta]; Proband of family 3: HLHS [including
mitral stenosis, BAV, aortic valve stenosis, and muscular
ventricular septal defect]). We then identified the pres-

ence of the variant in the exome data of the family mem-
bers of two probands where familial exomes were avail-
able (family 1 and family 2) and did targeted Sanger
sequencing of the family members of the third proband
(family 3) who was initially recruited as a singleton. In
addition to the probands, the variant was found in all
other affected family members in all families. The variant
was also found in two unaffected family members in fam-
ily 2, suggesting reduced penetrance (Figure 1A). The
affected individuals did not have shared variants in
known CHD genes or have any other identifiable genetic
cause for their heart defects. The affected family mem-
bers had less severe phenotypes than the probands, In
family 1, the paternal grandfather; in family 2, the
mother; and in family 3, the mother were all operated
for coarctation of the aorta in childhood or early adult-
hood. In family 1, the father and in family 2, the
maternal grandfather have not needed an operation.
One asymptomatic variant carrier in family 3 has not
been studied by echocardiogram. The penetrance of the
variant was 72% (8 of 11) when the individual not stud-
ied by echocardiogram was presumed unaffected.
The chr17: 39717377 C>T (c.1795C>T) variant is pre-

sent in heterozygotic form in seven subjects in GnomAD
(v4.1.0, six Finnish Europeans and one non-Finnish Euro-
pean), with a total allele frequency of 0.00009372 in
Finnish Europeans and 0.000004340 across all popula-
tions. The variant is not reported in Clinvar. It is predicted
to be possibly damaging in PolyPhen and deleterious in
SIFT, and it has a CADD score of 29.9 (GRCh37 v1.6). Mul-
tiple sequence alignment shows high conservation of the
variant locus in ERBB2 in multiple species (Figure 1C). In
addition, the cysteine residue locations of the variant re-
gion are conserved in the four EGFR family members
(Figure 1D).

Other genetic findings in the study cohort
Three other individuals in the study cohort had patho-
genic or likely pathogenic putative loss of function vari-
ants in NOTCH1 (Table S1) and these results have been
presented in a previous publication.24 None of the other
study individuals had pathogenic or likely pathogenic var-
iants in other genes associated with CHD.

The ERBB2 p.Arg599Cys does not affect receptor
tyrosine phosphorylation
As the variant results in an extra cysteine residue in the
extracellular part of the ERBB2 receptor close to the trans-
membrane region, we hypothesized that this could induce
changes in the receptor function. We first investigated the
functionality of the mutant ERBB2 receptor by transfect-
ing Cos7 cells with plasmid containing either wild-type
(WT) ERBB2 vector or ERBB2 c.1795C>T vector. Western
blot results show that ERBB2 p.Arg599Cys can be phos-
phorylated at Tyr1284 at the same level, or even more,
as the ERBB2 WT (Figures S2A and S2B).
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To confirm these findings in the cells of an individual
with HLHS, we examined the phosphorylation of ERBB2
in hiPS-CMs from a person with the p.Arg599Cys variant
and from healthy control hiPS-CMs. We acquired periph-
eral blood mononuclear cells from the proband of the
family 1, created hiPSCs and differentiated them into car-
diomyocytes (hereafter referred to as proband-hiPS-CMs).
First, we ascertained that the variant allele is expressed
in the proband-hiPS-CMs. Digital PCR results showed
that in both hiPSCs and hiPSC-CMs the variant allele ac-
counted for approximately 50% of the ERBB2 expression
(Figure 2A). We then stimulated the cells with Neuregulin
1 and performed Simple Western with the Jess Automated
Western Blot System. The results show similar relative
phosphorylation in the proband-hiPS-CMs compared
with the control hiPS-CMs (Figure 2B).

The ERBB2 p.Arg599Cys receptor has different
interaction partners compared with ERBB2 WT
We next hypothesized that the change from arginine
to cysteine, which introduces a free cysteine in the
transmembrane domain of the receptor, may affect
dimerization, binding, and/or localization of the
receptor.
We first tested this by gel electrophoresis and western

blotting. Cos7 cells were transfected with ERBB2 WT or
ERBB2 c.1795C>T plasmids and the cell lysates were run
in gel electrophoresis with and without reducing agent
DTT. Protein samples without DTT retain their disulfide
bonds. The results show that there are significantly
more ERBB2 disulfide bonds in the ERBB2 c.1795C>T
transfected cells compared with the ERBB2 WT cells
(Figures 2C and 2D).

A

D

C

B

Figure 1. ERBB2 c.1795C>T variant and pedigrees of the affected families
(A) Pedigrees of the three affected families. Arrows indicate the probands in each family.
(B) The p.Arg599Cys variant is located in the extracellular GFR domain IV of ERBB2.
(C) ERBB2 protein sequence conservation around the variant site.
(D) Protein sequence alignment of the four members of the EGFR family and the ERBB2 p.Arg599Cys mutant showing conservation of
the cysteine sites in the four WT receptors, and addition of an extra cysteine in the ERBB2 p.Arg599Cys mutant.
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To further understand the functional effect of the
c.1795C>T variant we employed affinity purification com-
bined with mass spectrometry (AP-MS) to examine and
understand the stable interactions and proximity-depen-

dent biotin identification (BioID) to identify transient
and close-range interactions. A comparative analysis of
the high confidence interactors (HCIs) between the WT
and p.Arg599Cys receptor revealed a significant difference
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Figure 2. ERBB2 p.Arg599Cys variant results in protein mislocalization
(A) Digital PCR confirms that the variant allele accounts for half of the ERBB2 expression levels in proband-hiPSCs (three technical
replicates from one sample) and hiPS-CMs (three technical replicates from a representative sample of three different CM differentia-
tions), whereas the hiPS-CMs from a control subject (HEL47.2) have 100% expression of the WT allele (three technical replicates from
one sample).
(B) Simple western shows that there is no difference in the ERBB2 phosphorylation levels between proband hiPS-CMs and hiPS-CMs
from a control subject (HEL47.2) (three replicates from one proband and one healthy hiPS-CM differentiation). Results are presented as
mean with standard deviation.
(C) Cos-7 cells were transfected with either ERBB2WT or ERBB2 c.1795C>T plasmid. Leaving out the reducing agent (DTT) from the
western blot reveals the ERBB2-protein complexes that are larger due to intact disulfide bonds.
(D) Quantification of the disulfide bonds from the western blot shows higher amount of disulfide crosslinks in for the ERBB2
p.Arg599Cys receptor. Results are presented as mean with standard error of the mean (experiment was repeated four times with
one replicate in each experiment).
(E) MS microscopy shows differences in the predicted cellular location for the ERBB2WT and ERBB2 p.Arg599Cys receptor (results are
from three replicates).
(F) Flow cytometry with a PE-conjugated antibody that recognizes the extracellular part of ERBB2, and quantification of the intensities
in the proband hiPS-CMs and two control hiPS-CMs (experiment repeated three times) indicate reduced levels of ERBB2 in proband
hiPS-CMs (***p < 0.005, Mann-Whitney statistical test). Results are presented as mean with standard deviation.
(G) Control hiPS-CMs have more ERBB2 staining in the plasma membrane compared with proband hiPS-CMs (representative images
from two technical replicates from one staining). Arrows point to plasma membrane staining. Scale bar, 25 μm.
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in the interacting partners (Table S2) and an enrichment
of signaling pathways. Both loss of interacting partners
(e.g., PLCG1, ELMO2), and novel interaction partners
(e.g., PDIA4 and SSRP1) were observed in the p.Arg599Cys
mutant. In addition, the p.Arg599Cys variant resulted
in the reduction of interaction partners overall. Gene
ontology (GO) analysis of the results indicated that the
p.Arg599Cys mutant receptor had a reduction of interac-
tion partners specifically in the ERBB2 and its downstream
PI3K-Akt signaling pathway (e.g., ERBB4) (Figure S3).

ERBB2 p.Arg599Cys receptor interacts with proteins
in endoplasmic reticulum
To gain a deeper understanding of the potential compart-
ment-specific localization of ERBB2, we utilized our
recently developed MS microscopy system with the
BioID data.42 This system combines quantitative interac-
tome profiling with microscopy techniques to accurately
map the cellular distribution of ERBB2. The ERBB2
WT receptor was identified to be localized mainly at the
plasma membrane, as expected. Interestingly, the ERBB2
p.Arg599Cys receptor was predicted to localize mostly to
mitochondria and endoplasmic reticulum (ER) based on
its interaction partners (Figure 2E).
To confirm these findings, proband hiPS-CMs and hiPS-

CMs from two healthy individuals (HEL24.3, HEL47.2)
were then stained with an ERBB2 antibody that binds to
the extracellular part of the receptor and the cells were
analyzed with flow cytometry. Indeed, the results were
consistent with the MS microscopy findings showing
that the proband hiPS-CMs had approximately half of
the staining intensity of the control cells on the cell mem-
brane, further supporting the hypothesis that the mutant
protein localizes mostly intracellularly (Figure 2F).
In addition to flow cytometry, we also performed

immunofluorescence staining of the proband hiPS-CMs
and control hiPS-CMs. In the proband hiPS-CMs there
was less plasma membrane staining of ERBB2 (Figure
2G). We also transduced ERBB2 knockout hiPS-endothe-
lial cells (hiPS-ECs) with either ERBB2 WT lentivirus or
ERBB2 c.1795C>T lentivirus. Immunofluorescence stain-
ing for ERBB2 and PDI after transduction showed promi-
nent ER localization in mostly ERBB2 c.1795C>T trans-
duced hiPS-ECs (Figure S4).

Zebrafish embryos expressing the ERBB2 p.
Arg599Cys have impaired cardiac contractility and
increased cardiac wall thickness
Next, we examined the functional role of the ERBB2
p.Arg599Cys receptor during heart development. Zebra-
fish embryos were injected with a plasmid containing
either ERBB2 WT or ERBB2 c.1795C>T together with
membrane-localized mCherry-CAAX reporter to enable
visualization of the cardiomyocytes with integrated trans-
gene (Figure S1). Two control groups, one with an empty
vector and one with non-injected embryos, were
included. There was no difference in the fractional short-

ening between ERBB2 WT injected, vector injected, or
non-injected hearts (Figure 3A), showing that the plasmid
injection itself or human ERBB2 WT overexpression did
not affect cardiac function. However, zebrafish embryos
injected with the ERBB2 c.1795C>T plasmid demon-
strated significantly lower fractional shortening compared
with the ERBB2WT injected embryos and the two control
groups (Figure 3A), indicating compromised function of
the heart caused by the p.Arg599Cys variant. In searching
for underlying physical defects in the heart, we discovered
that the cardiac wall was significantly thicker in the ERBB2
p.Arg599Cys embryos, measured from the brightfield
movies (Figure 3B). By using whole-mount actin staining
we could determine that specifically the myocardium
was thicker in the ERBB2 p.Arg599Cys embryos compared
with ERBB2 WT embryos (Figure 3C). To determine
whether the thickening of the myocardium was a result
from hyperplasia or hypertrophy of the cells, the number
of myocardial nuclei were counted, and the area of the
cells was determined from the mCherry-CAAX positive
myocardial cells. The results showed no difference in the
number of nuclei, indicating no hyperplasia (Figure 3D).
mCherry-CAAX staining, in turn, revealed increased sur-
face area of the mutant cells (Figures 3E and 3F), confirm-
ing that the thickening of the myocardium was due to the
hypertrophy of the cardiomyocytes.

ERBB2 p.Arg599Cys proband hiPSC-derived
cardiomyocytes and endothelial cells have aberrant
expression of genes related to cardiovascular
system development
HiPS cells derived from the proband of family 1 with the
ERBB2 c.1795C>T, p.Arg599Cys variant and from four
healthy controls (HEL24.3, HEL47.2, HEL46.11, K1) were
differentiated into cardiomyocytes and single-cell RNA
sequencing (scRNA-seq) was performed when the cells
were approximately 35 days old. Six clusters were identi-
fied in the UMAP (Figure 4A), with all clusters expressing
cardiomyocyte-specific genes (Figure 4B), demonstrating
efficient differentiation and selection. Pathway analysis
revealed altered expression of genes related to heart devel-
opment, muscle contraction, cardiacmuscle hypertrophy,
and stress responses in the proband hiPS-CMs (Figure 4C;
Table S3). Compared with the healthy cells, the proband
hiPS-CMs had significantly lower expression of cardiac
genes such as MYH6, NPPA, and NPPB and higher expres-
sion of MYH7 (Figure 4D; Table S3). Finally, the proband
hiPS-CMs had lower expression of many genes related to
oxidative stress (Figure 4E; Table S3). In corroboration
with the protein-protein interaction data, several genes
associated with the PI3K/Akt pathway (such as ANKRD1
and NES) were downregulated in the proband hiPS-CMs
compared with controls (Table S3).
As proper heart development involves intimate cross-

talk between endothelial/endocardial cells and cardio-
myocytes, we studied the effect of the ERBB2 c.1795C>T
variant on endothelial cells. The proband-hiPSCs and cells
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Figure 3. ERBB2 variant results in compromised heart function in zebrafish
(A) Fractional shortening of the heart of the zebrafish embryos injected with the ERBB2 c.1795C>T plasmid (33 embryos), ERBB2WT
plasmid (29 embryos), empty vector (36 embryos), and no injection (41 embryos) indicate decreased pump function in the zebrafish
embryos injected with the ERBB2 c.1795C>T plasmid. Median with interquartile range is presented.
(B) Increased cardiac wall thickness as measured from brightfield videos (non-injected, n= 42 embryos; vector, n= 39 embryos; ERBB2
WT, n = 30 embryos; ERBB2 c.1795C>T, n = 33 embryos.
(C) Increased myocardium thickness measured by phalloidin staining was seen in the zebrafish embryos injected with the ERBB2
c.1795C>T plasmid (uninjected, n = 18 embryos; vector, n = 22 embryos; ERBB2 WT, n = 22 embryos; ERBB2 c.1795C>T, n = 22
embryos).
(D) No differences in the number of myocardial nuclei within the four experimental groups was seen (14 uninjected embryos, 22
empty vector embryos, 20 WT ERBB2 embryos, 19 c.1795C>T embryos). Myocardium was identified based on anatomical location
and phalloidin staining.
(E) Myocardial cell area measured by membrane localized mCherry-CAAX staining in each group indicated slightly enlarged cells in
the zebrafish embryo injected with the ERBB2WT (212 cardiomyocytes from 16 embryos), ERBB2 c.1795C>T plasmid (262 cardiomyo-
cytes from 20 embryos) or only empty vector injected embryos (151 cardiomyocytes from 19 embryos).
(F) Example images of phalloidin staining of the heart. The ventricle lumen is filled with red blood cells (zebrafish red blood cells are
nucleated) and myocardium identified with phalloidin staining. Scale bar, 50 μm. Statistical tests have been done using the Kruskal-
Wallis test, ****p < 0.0001, ***p < 0.001. (B)–(D) are presented as Tukey Box and Whiskers.
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Figure 4. Proband and control hiPS-CM and hiPS-EC transcriptomics
(A) Uniform Manifold Approximation and Projection (UMAP) of proband hiPS-CMs and healthy control hiPS-CMs. The samples (one
replicate each) consist of one proband hiPS-CM sample (from family 1 proband) and four control samples combined.
(B) Dot plot shows clusterwise expression of cardiomyocyte marker genes TNNT2 and ACTN2 and the fibroblast marker COL1A1.
(C) Circos plot of pathways that are differentially expressed in proband hiPS-CMs according to GO analysis.
(D and E) Violin plots presenting the expression levels of (D) heart development and (E) oxidative stress-related genes in proband-hiPS-
CMs and control hiPS-CMs.
(F) Circos plot of pathways that are differentially expressed in proband-hiPS-ECs as compared with hiPS-ECs of healthy controls. Sam-
ples consist of two replicates from the proband hiPS-ECs and two replicates from three control hiPS-ECs. For statistical tests, false dis-
covery rate has been applied.
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from three healthy individuals (HEL47.2, HEL24.3, K1)
were differentiated into ECs, and two independent differ-
entiation batches were analyzed with whole-genome RNA
sequencing. There were 198 repeatedly differentially ex-
pressed genes between the proband hiPS-ECs and control
hiPS-ECs (Table S3). The proband hiPS-EC samples clus-
tered together away from the control samples, demon-
strating reproducibility between the two independent dif-
ferentiations and differences in the transcriptome
between the healthy and proband cells (Figure S5).
Repressed expression in genes related to cardiovascular
system development, response to decreased oxygen levels,
programmed cell death, cell surface signaling pathway,
and angiogenesis was observed, including genes such as
NPPB, NOS3, SRC, and BMP10 (Figure 4F; Table S3).

Discussion

We have identified a rare ERBB2 missense variant
c.1795C>T, p.Arg599Cys in three unrelated Finnish fam-
ilies with LVOTO defects. The variant caused protein mis-
localization, striking differences in binding partners,
altered transcriptomics in proband-derived hiPS-cardio-
myocytes and hiPS-endothelial cells, and resulted in
developmental defects in zebrafish embryo hearts,
providing functional evidence for the ERBB2 variant to
be associated with the phenotype.
ERBB2 (Erb-B2 Receptor Tyrosine Kinase) encodes one

of four members of the epidermal growth factor (EGF) re-
ceptor family of receptor tyrosine kinases. ErbB receptor
dimerization by neuregulin leads to tyrosine kinase activa-
tion, which plays a vital role in embryogenesis.29,43 ERBB2
has not been previously associated with CHDs in humans
even though its essential role in cardiac morphogenesis,
especially in cardiac wall trabeculation, is well established
in animal models.29,44–46 In addition, the importance of
ERBB2 signaling in the adult heart has been demonstrated
when trastuzumab, an ERBB2 monoclonal antibody used
in breast cancer therapy, was shown to associate with
increased left ventricular dysfunction when used in com-
bination with anthracyclines.47

Unlike other EGF receptors, ERBB2 has no ligand bind-
ing domain of its own and therefore cannot bind growth
factors. However, it does bind tightly to other ligand-bind-
ing EGF receptor family members to form heterodimers,
enhancing kinase-mediated activation of downstream
signaling pathways via receptor phosphorylation.48 Our
results show that the change of arginine to cysteine in
the ERBB2 p.Arg599Cys mutant does not affect the tyro-
sine phosphorylation of the receptor. As the phenotype
could not be explained by defective phosphorylation, we
explored the interactions of the ERBB2 p.Arg599Cys
mutant receptor with other proteins. The results revealed
that the mutant receptor has overall fewer and different
binding partners compared with theWT receptor. Accord-
ing to theMSmicroscopy, the ERBB2 p.Arg599Cysmutant

receptors binding partners localize to the mitochondria
and endoplasmic reticulum (ER), and in line with this
result, the proband-hiPS-CMs had roughly 50% reduced
expression of ERBB2 on the plasma membrane compared
with healthy cells. Immunofluorescence staining of hiPS-
ECs transducedwith ERBB2WTor ERBB2 c.1795C>T show
that ERBB2 p.Arg599Cys co-localizes with ER-marker PDI.
As no specific co-localization with mitochondrial marker
TOMM20 was found for the mutant receptor (data not
shown), we speculate that since the MS microscopy inter-
actions are based on transient interactions, the ERBB2 p.
Arg599Cys localization in ER positions it in close contact
with mitochondria as well. Quantification of immunoflu-
orescence images show results consistent with changes in
localization, although quantification is hindered by vari-
able intensity of transduced ERBB2 and quantification
from 2D image disallowing complete separation of plasma
membrane staining from intracellular staining (resulting
in some plasma membrane staining being accounted
into ER staining), possibly explaining the smaller differ-
ence in localization observed in staining compared with
flow cytometry. Altogether, these results indicate that
the p.Arg599Cys variant leads to mislocalization of the
protein intracellularly. The change in binding partners
may be due to the free cysteine allowing the formation
of an extra cysteine bond, or due to changes in the folding
of the protein. The extra cysteine may also contribute to
changes in protein-protein interaction via non-covalent
interactions involving the sulfur atoms of the cysteine res-
idue.49 Although the cytosol as a reducing environment is
not conducive to formation of disulfide bonds,50,51 disul-
fide bonds can be formed in the ER andmitochondria.52 It
has been reported that ERBB2 also localizes within the
mitochondria of both cancer cells and other diseases.53

GO results from the protein-protein interaction assay
indicate overall reduction of ERBB2 and receptor tyrosine
kinase signaling in cells with the ERBB2 p.Arg599Cys re-
ceptor. The GO results and transcriptomics data also indi-
cate reduced interaction with the PI3K-PKB/Akt pathway,
which is one of the downstream signaling pathways of the
ERBB2 receptor.54–56 Thus, as the mutant receptor phos-
phorylation was not deficient, it is likely that protein mis-
localization and/or altered binding partners cause the
impaired ERBB2 signaling. Defective ERBB2 signaling
may lead to e.g., reduced proliferation of cells, as prolifer-
ation-related GO terms are only found in the WT ERBB2
interactions.
Many of the PI3K-PKB/Akt pathway proteins with

reduced interaction with the ERBB2 p.Arg599Cys receptor
have important roles in heart development or function.
PRKCI is required for heart trabeculation in mice,57

PIK3R2 regulates heart size and hypertrophy in mice,58

PIK3CB promotes CM proliferation and survival in
neonatal rat CMs59 and PRKCA regulates heart contrac-
tility in mice.60 In addition, the ERBB2 p.Arg599Cys re-
ceptor had reduced interaction with proteins such as
SOS1, PTPN11, and CBL, which have been associated
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with syndromic CHDs61–63 and MICOS13, DTNA, and
EMC1 which have been associated with non-syndromic
CHDs.64–66 In addition, themutant receptor has lost inter-
action with FRS2, which is required for outflow tract
morphogenesis.67 Loss of interaction with these proteins
that are implicated to be important for heart development
may contribute to observed heart defects in the individ-
uals with the mutant receptor.
To study the functional effect of the ERBB2 p.Arg599Cys

mutant receptor in vivo, we used zebrafish, as they are a
commonly used model for heart development and regen-
eration.68,69 Interestingly, expression of the mutant
ERBB2 in zebrafish embryo hearts led to cardiomyocyte
hypertrophy, increased cardiac wall thickness, and
impaired fractional shortening demonstrating that the
presence of the mutant receptor induces functional de-
fects during heart development. Although we did not
observe significant changes in the number of transgenic
cardiomyocytes in the zebrafish model, the existence of
mild hyperplasia cannot be completely ruled out. Animal
models of HLHS have shown that intrinsic myocardial de-
fects are associated with HLHS,70,71 and a recent study in
zebrafish demonstrated that rbfox mediated reduction in
pump function led to compromised development of the
valves and aorta.71 Thus, our findings in the zebrafish
recapitulate this predisposition for outflow tract obstruc-
tion development.
When modeling HLHS at the cellular level, transcrip-

tomic and functional studies on hiPS-CMs derived from
individuals with HLHS have shown impaired differentia-
tion,72,73 less organized sarcomere structure,72–74 and
reduced contractility75 that likely are associated with the
compromised pump function seen in animal models of
HLHS. Our results were in line with these studies. The
transcriptomic analyses of proband hiPSC-CMs provide
evidence that several genes and pathways related to heart
and cardiovascular system development were affected in
proband hiPS-CMs. Among the downregulated genes
were two important sarcomere proteins, MYH6, which
has been associated with HLHS,74 and TNNI3, which has
been associated with dilated, hypertrophic, and familial
restrictive cardiomyopathy.76–78 Reduced expression of
TNNI3 in HLHS hiPS-CMs has also been demonstrated in
a previous study.72 In contrast, gene expression of the
sarcomere protein MYH7 was increased in the proband
hiPS-CMs, and interestingly, increased MYH7 expression
has been shown in atrial and ventricular tissues of HLHS
subjects, and in hiPS-CMs derived from individuals with
HLHS.74 Moreover, similar increases of TNNT2 and
MYL2 expression in HLHS-hiPS-CMs observed in our
study have been documented previously.74

Intrinsic endocardial defects contributing to abnormal
valve formation have been associated as a potential mech-
anism underlying HLHS,79 and loss of Erbb2 inmouse cor-
onary endothelial cells during development has been
associated with improper patterning of coronary vascula-
ture,80 demonstrating its important role in endothelial

cells in cardiac development. Intimate crosstalk between
ECs and CMs is essential during cardiac development.
Therefore, we also studied the proband hiPSC-ECs using
RNA-seq in comparison with cells from healthy controls.
The transcriptomic analyses of proband-hiPS-ECs pro-

vide evidence that several genes and pathways related to
heart and cardiovascular system development were
affected in the proband-hiPS-ECs. Expression of BMP10
was downregulated in proband-hiPS-ECs. Previous
research has highlighted the significance of BMP10 in pre-
serving the expression of genes crucial for cardiac develop-
ment, including NKX2.5, which has been identified as be-
ing associated with HLHS.81,82 Additionally, BMP10-null
mice have been shown to have defects in cardiomyocyte
proliferation and trabeculation.82 These findings further
support the theory that ECs have a role in the develop-
ment of HLHS.
Abnormal response to oxidative stress is associated with

CHDs.83–86 A recent study showed reduced mitochondrial
respiration and oxidative metabolism in HLHS hiPS-CMs
compared with healthy controls potentially contributing
to reduced contractility.75 Several oxidative stress and
metabolic genes were downregulated both in proband-
hiPS-ECs and -CMs compared with healthy controls. The
role of ERBB2 in endothelial ischemic conditions has
been demonstrated in a mouse model, where ERBB2-
signaling was shown to facilitate the recruitment of SRC.
This recruitment subsequently activated NOS3 through
NRG1, leading to enhanced myocardial perfusion by
elevating nitric oxide production and promoting vasore-
laxation.87 Interestingly, decreased expression was
observed for both SRC and NOS3 in proband hiPS-ECs.
NOS3-deficiency has demonstrated an association with a
bicuspid aortic valve in mice. This connection possibly
arises from the role of the valvular endothelium in fine
tuning the developmental process through mechanisms
like shear stress and other luminal events.88 Moreover,
reduced expression in metabolic genes including ENO1,
SOD2, and SOD3 was observed in the proband-hiPS-
CMs. These genes have been shown to provide protection
under hypoxic and oxidative stress.75,89,90

ERBB2 variants have not previously been associated
with CHD in humans, but one study has reported copy
number variants including an ERBB2 duplication in an in-
dividual with total anomalous pulmonary venous return
and in an individual with Tetralogy of Fallot.91 However,
no further experiments were performed to validate the
findings or to further investigate the potential role of
ERBB2 in CHDs.
While most persons with the ERBB2 c.1795C>T variant

had CHD, there were two persons with this variant who
had normal echocardiographic findings and one person
without reported cardiac symptoms but in whom no
echocardiographic data were available. This is not unex-
pected, as reduced penetrance has been associated with
monogenic CHD in multiple studies. For example,
NOTCH1 haploinsufficiency is a well-known cause of
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CHDs with a penetrance reported to be about 75%,22,24

which is similar to our observation for ERBB2. In addition,
our study clearly demonstrated the variable expressivity
associated with CHDs,22,24 as the cardiac abnormalities
ranged from BAV and CoA to HLHS and Shone’s complex.
Of note, the phenotype severity seemed to worsen with
consecutive generations. This could be due to accumula-
tion of additional predisposing variants, or environ-
mental triggers. However, this can also depend on selec-
tion of study subjects, as our study cohort comprised on
average more severe pediatric individuals and thus led to
ascertainment bias.
Previous research shows that total Erbb2 deletion in

mice leads to lethal cardiac malformations early during
development,29 while mice with conditional knockout
of Erbb2 in ventricular myocytes show normal cardiac
morphogenesis at birth and survive to adulthood.92 How-
ever, in adulthood these mice show features of dilated car-
diomyopathy including biventricular enlargement,
decreased cardiac wall thickness, and decreased fractional
shortening.92 Thus, it seems clear that the role of ERBB2
signaling in the adult heart is different from its role during
embryogenesis, and that during development, ERBB2
signaling is essential in several different cell types. Never-
theless, the recent observation that reduced ventricular
contractility led to compromised development of the
valves and aorta in zebrafish71 supports the hypothesis
that intrinsic myocardial defects, possibly mediated by
additional cell types such as endocardial or endothelial
cells, are causal for the phenotype observed in our affected
study subjects. Of note, the study subjects in this cohort
did not have heart failure or reduced cardiac function
beyond what is expected for the phenotype at the time
of the assessment, so it can be speculated that one nor-
mally functioning allele of ERBB2 is sufficient for cardiac
function in the study individuals after birth.
Taken together, our results provide strong evidence for

association of the ERBB2 variant with LVOTO defects.
The ERBB2 c.1795C>T variant was present in all affected
members of three unrelated families with CHDs in multi-
ple generations. The variant is reported in gnomAD in het-
erozygous form in six Finnish individuals, and only one
non-Finnish European, suggesting that the variant is a
rare missense variant in the Finnish population. Func-
tional analysis of the mutant receptor demonstrated dra-
matic changes in the binding partners and cellular locali-
zation of the receptor. Finally, expression of the mutant
allele caused compromised heart function in the zebrafish
embryos. Further analysis on the exact mechanisms of the
mutant protein at the cellular level will provide more in-
formation on the pathogenic events leading to CHD dur-
ing cardiac development.
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