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Tetralogy of Fallot (TOF) is the most common cyanotic form of congenital heart defects
(CHDs). The right ventricular hypertrophy is associated with the survival rate of patients
with repaired TOF. However, very little is known concerning its genetic etiology. Based on
mouse model studies, a disintergrin and metalloprotease 10/17 (ADAM10 and ADAM17) are
the key enzymes for the NOTCH and ErbB pathways, which are critical pathways for heart
development. Mutations in these two genes have not been previously reported in human
TOF patients. In this study, we sequenced ADAM10 and ADAM17 in a Han Chinese CHD
cohort comprised of 80 TOF patients, 286 other CHD patients, and 480 matched healthy
controls. Three missense variants of ADAM17 were only identified in 80 TOF patients, two
of which (Y42D and L659P) are novel and not found in the Exome Aggregation Consortium
(ExAC) database. Point mutation knock-in (KI) and ADAM17 knock-out (KO) human embry-
onic stem cells (hESCs) were generated by CRISPR/Cas9 and programmed to differentiate
into cardiomyocytes (CMs). Y42D or L659P Ki cells or complete KO cells all developed hy-
pertrophy with disorganized sarcomeres. RNA-seq results showed that phosphatidylinosi-
tide 3-kinases/protein kinase B (PI3K/Akt), which is downstream of epidermal growth factor
receptor (EGFR) signaling, was affected in both ADAM17 KO and KI hESC-CMs. In vitro
experiments showed that these two mutations are loss-of-function mutations in shedding
heparin-binding EGF-like growth factor (HB-EGF) but not NOTCH signaling. Our results re-
vealed that CM hypertrophy in TOF could be the result of mutations in ADAM17 which affects
HB-EGF/ErbB signaling.
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The NOTCH pathway is a crucial cell-fate regulator for heart development [8] and NOTCH pathway genes have
been implicated in the etiology of TOEF. For example, there is an association between Alagille syndrome and TOF with
mutations in the NOTCH ligand gene JAGGED1 (JAG1) [9,10]; and de novo copy number variants in loci covering
both NOTCH1 and JAG1 were identified in sporadic non-syndromic TOF cases [11]. The activation of the NOTCH
pathway requires three proteolytic cleavage steps. Within these steps, the action of a disintegrin and metalloprotease
10 and/or 17 (ADAM10 & ADAM17), which cleaves at the extracellular juxtamembrane region of NOTCH1 [12], is
the rate-limiting step for NOTCHI activation [13]. Notably, ADAM10 and ADAM17 also have critical function in the
epidermal growth factor (EGF)-ErbB signaling by cleaving EGF ligands, such as heparin-binding EGF-like growth
factor (HB-EGF) [14,15]. The ErbB pathway is also critical for heart development [16,17]. The importance of these
two genes in heart development are also demonstrated in mouse models as both Adam 17 [18-21] and Adam 10 [22]
knock-out (KO) mice have severe defects in cardiac development. Despite these previous biochemical and animal
model studies, currently there is no report on ADAM1I10 and ADAM17 mutations in TOE

Another challenge to studying the causality of human mutations is that it is almost impossible to validate the
functional changes in humans. However, recent advances in human embryonic stem cells-derived cardiomyocytes
(hESC-CMs) combined with CRISPR/Cas9 genome editing technologies provide powerful tools to analyze the func-
tions of human mutations. This cell-based human model system has its unique advantages in screening the effects of
human mutations acquired from sequencing data. This system not only provides a tool to study the molecular and
cellular mechanisms involved in normal and abnormal cardiomyocyte (CM) development and maturation, but also
allows us to validate previous findings in animal model systems. Therefore, this system is good for exploring the im-
pact of genetic defects on early cardiac development and gain novel insights into the underlying disease mechanisms
of CHD [23,24].

Herein, we sequenced both ADAM10 and ADAM17 genes in 80 sporadic TOF patients, and compared with 286
other CHD patients and 480 unaffected controls. We identified three ADAM17 missense mutations in 80 TOF pa-
tients, but not in the other 286 CHD or 480 control samples. By using genome-edited hESC-CMs system, we were
able to show that the two novel ADAM17 mutations induced CM hypertrophy. Our results revealed that CM hyper-
trophy in TOF could be the primary symptom caused by mutations in ADAM]17 affecting HB-EGF but not NOTCH
signaling.

Materials and methods

Human subjects

Blood samples from 366 CHD patients (mean age 2.9 & 2.6 years, 54.7% male, including 157 VSD [43%], 80 TOF
[22%], 74 ASD [20%], and 55 others [15%]) were collected between 2008 and 2013 from the Cardiovascular Dis-
ease Institute of Jinan Military Command (Jinan, Shandong, China). Sporadic CHD cases were diagnosed based on
echocardiography, with some diagnoses further confirmed surgically. Patients with a positive family history of CHD
in a first-degree relative, maternal diabetes mellitus, maternal exposure to teratogens or therapeutic drugs during
gestation, were all excluded. All of the CHD cases were classified according to previously described methodology
[25]. The 480 controls (mean age 7.1 + 3.7 years, 49.8% male) were ethnically and gender-matched unrelated healthy
volunteers recruited from the same geographical area. Individuals who manifested additional syndromes or who had
a positive family history of CHD in a first-degree relative were also excluded from controls.

These studies were conducted in accordance with the Declaration of Helsinki. Protocols were reviewed and ap-
proved by the Ethics Committee of the School of Life Sciences, Fudan University and local ethics committees prior
to the commencement of the study. Written informed consent from the parents or guardians of the children was
obtained.

Approximately 2 ml of peripheral blood was collected from each test subject. Genomic DNA of each test subject
was isolated from blood samples using conventional reagents and was quantified using a NanoDrop2000 (Thermo
Scientific).

DNA sequencing and SNaPshot

The genomic structures of ADAM10and ADAMI17 (NG_033876.1 and NG_029873.1) were extracted from NCBL. All
exons were PCR-amplified from 48 TOF samples and 96 controls and sent for Sanger sequencing using the ABI Prism
BigDye system according to the manufacturer’s instructions (ABI, Foster City, CA). The primers used for sequencing
are listed in Supplementary Tables S1 and S2. Five missense mutations in ADAM17 were identified in these 48 TOF
samples but not controls. SNaPshot analysis was used to confirm these five sites in the rest of the 318 cases and 384
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controls. The samples for sequencing and genotyping were run on an ABI 3730 automated sequencer and analyzed
by SeqMan and Peakscan, respectively.

Cell culture

Human ESCs line H9 (WA09) was obtained from WiCell Research Institute (Madison, WI) and were cultured on
Matrigel-coated (Corning 354277) plates in mTeSR1 medium (StemCell Technologies, cat # 05850) with Rock in-
hibitor (Stem Cell Tech., Y27632). Results for subsequent experiments are based on 1 hESC line (WA09). Human
HEK293T cells and monkey COS-7 cells were cultured in DMEM supplemented with 10% FBS. All cells were main-
tained under conditions of 37 °C, 5% CO, and passaged by using 0.5mM EDTA.

Plasmid construction
To construct episomal vector-based CRISPR/Cas9 system (epiCRISPR) plasmid for ADAM17 KO, guide RNA was
designed, synthesized, and cloned into BspQI restriction sites of the epiCRISPR plasmid [26] by using primers listed
in Supplementary Table S4.

C-flag-tagged human ADAM17 (NM_003183.4) cDNA was purchased from Vigene Biosciences (CH893896) and
cloned into pRKS5 vector. All mutations of ADAM17 were generated using a QuickChange Sit e-Directed Mutagenesis
Kit (Stratagene). All plasmids used in this study were confirmed by DNA sequencing.

CRISPR/Cas9-mediated genome editing

To generate KO hESCs, 2 pg ADAM17-KO plasmid was transfected into a well of a six-well plate using lipofectamine
3000 (Life Technologies). After 24 h, transfected cells were selected with 0.3 pg/ml puromycin. Ten days later, the
cells were disassociated into single cells and reseeded onto new Matrigel-coated wells for individual colony picking.
Two weeks after reseeding, single colonies were picked. Genomic DNA was extracted and PCR was performed for
the targeting site and sent for sequencing.

To generate KI hESCs, sgRNA plasmids were designed, synthesized, and ligated into the px458 plasmid with en-
hanced specificity SpCas9 (eSpCas9) by using primers listed in Supplementary Table S4. Donor plasmid based on
puc57 plasmid was synthesized from Generay Biotech, which includes 5 and 3’ 750 bp homologram (including exon
with point-mutation and adjacent intronic sequences), PGK promoter driving the expression of Puro-TK, and two
loxP sites. Both the px458 with targeting sgRNA and the KI donor plasmid were transfected into hESCs using lipofec-
tamine 3000, and transfected cells were selected with puromycin. The recombined cells survived and were genotyped.
Finally, the selection cassette was excised by transfection of Cre. After negative selection using ganciclovir, mutated
cells were obtained for PCR and confirmed by DNA sequencing.

Cardiac differentiation of human ESCs

Human ES cells were induced to differentiate into CMs according to a previously published protocol [27]. At day
4, ESCs were dissociated with 0.5 mM EDTA into single cells, and then seeded onto Matrigel at 0.5 x 105 cells per
cm? in mTeSR1 with Rock inhibitor. The mTeSR1 medium was changed every 24 h until cells had grown to 80-90%
confluence. At day 0, cells were changed to 4 ml 1640+B27 (without insulin) with 6 uM CHIR99021 (Selleck, SI263) for
2 days. At day 2,4 ml 1640+B27 (without insulin) were added. At day 4, 5 uM IWP-2 (sigma 686770-61-6) were added
with 4 ml 1640+B27 (without insulin). At day 6, IWP-2 was removed; cells were cultured with 1640+B27 (without
insulin) for another 2 days. At day 8, the media was changed to 1640+B27 hereafter. Every 48 h, cells were gently
changed with new media. At day 15, CMs were passaged with 0.25% trypsin-EDTA and at day 35, CMs can be used
for functional assays and RNAseq.

RNA isolation, cDNA Synthesis, and qPCR

Total RNA from cultured cells was extracted using RNAsimple Total RNA Kit (TIANGEN; DP419), according to
the manufacturer’s instructions. RNA was reverse transcribed into cDNA with FastQuant RT kit including gDNAase
(TTANGEN; KR106-02). For the quantitative detection of mRNA levels, quantitative real-time PCR was performed
using SuperReal PreMix Plus-SYBR Green (TIANGEN; FP205-02) on LightCycler96 qPCR system, and GAPDH
levels were used to normalize the gene-specific expression levels. Primers used for qPCR are listed in Supplementary
Table S3.
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Immunofluorescence staining

CMs or COS-7 cells were washed with PBS three times for 5-min each, and fixed with 4% paraformaldehyde for 15
min at room temperature. Cells were permeabilized with 0.2% Triton X-100 in PBS for 15 min and were blocked with
3% BSA in PBS for 1 h at room temperature. Then, samples were incubated at 4 °C overnight with following antibod-
ies diluted at 1:500 in blocking solution: cardiac troponin T (¢TnT) (Rabbit monoclonal, Proteintech, 15513-1-AP;
a-actinin (Mouse monoclonal, Sigma, A7732; 1:500), flag (9A3, Mouse monoclonal, CST, 8146T). After three washes
with PBS for 5-min each, cells were incubated with appropriate Alexa fluorogenic secondary antibodies (Alexa Fluor
568, Abacam, ab175473, 1:500) (Alexa Fluor 488, Abacam, ab150077, 1:500) at room temperature for 1 h followed
by 15 min of DAPI staining for nuclei visualization. At least four random fields were selected during cell counting to
reduce bias.

Calcium imaging traces using Fluo-4 AM

CMs were dissociated and seeded into Matrigel-coated glass bottom cell culture dishes (Nest, 801001). Then cell were
added with 4 uM Fluo-4 AM in Tyrode’s solution for 30 min at 37 °C. Finally, cells were washed with Tyrode’s solution
three times before being imaged using a confocal microscope with a 63x lens. Videos of spontaneous Ca®* transients
were taken at 20 fps for 10 s recording durations. Ca** responses were quantified using Image] to average the measure
intensity of Ca®* regulation. Specific regions of spontaneously contracting microclusters were selected and the peak
amplitude of the calcium transient expressed relative to the baseline fluorescence measured between action potentials
(F/F0) was quantified using Image].

Western blots

Cells were washed with cold PBS, and lysed in cold lysis buffer (150 mM NaCl, 50mM Tris-Cl, pH 7.4, 1 mM EDTA,
1% Triton, complete mini tablet-protease inhibitor cocktail tablets [Roche]). The proteins were separated by 10%
SDS-PAGE and transferred to PVDF membranes. After blocking with 5% BSA in TBS with Tween (TBST), the mem-
brane was incubated overnight at 4°C with one of the following primary antibodies: GADPH (CST, 5174S), flag (9A3,
Mouse monoclonal, CST, 8146T), ADAM17 (Abcam, ab13535), and GFP (Abcam, ab1218). Next day, the membrane
was washed with TBST for three times, and incubated with corresponding anti-mouse/rabbit/goat secondary antibod-
ies (mouse, Abcam, ab6728) (rabbit, Abcam, ab6721) (goat, Abcam, ab6789) at 1:10000 dilution at room temperature
for 1 h. Signal intensity was quantified with Image]J software.

RNA-seq and transcriptome analysis

RNA-seq was carried out by Shanghai Biotechnology Corporation (SBC). In brief, three colonies of cells of each
genotype were sent for RNA-seq analysis. Total RNA was isolated using TRIZOL Reagent (Invitrogen) following the
provider’s instructions. The cDNA library was constructed using TruSeq RNA Sample Prep Kit and then sequenced on
an [llumina HiSeq 2000 system (Illumina, Inc.). Sequencing raw reads were preprocessed by filtering out rRNA reads,
sequencing adapters, short-fragment reads, and other low-quality reads. Hisat2 (version: 2.0.4) [28] was used to map
the cleaned reads to the human hg38 reference genome with two mismatches. After genome mapping, Stringtie (ver-
sion:1.3.0) [29,30] was run with a reference annotation to generate fragments per kilobase million (FPKM) values for
known gene models. The sample correlation was shown in Supplementary Figure S3. Differentially expressed genes
were identified using edger [31]. The p-value significance threshold in multiple tests was set by the false discovery
rate (FDR) [29,32,33]. The fold-changes were also estimated according to the FPKM in each sample. The differen-
tially expressed genes were selected using the following filter criteria: FDR P-value <0.05 and fold-change >2. Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment and classification, biological processes in Gene Ontology
(GO) were analyzed for differentially expressed genes.

Transfection and ectodomain shedding assays

Alkaline phosphatase (AP)-tagged HB-EGF plasmid was a gift from Dr Shigeki Higashiyama (Department of
Biochemsitry and Molecular Genetics, Ehime University School of Medicine, Shitsukawa, Toon, Japan). ADAM17~/~
293T cells [34] were grown to 60% confluency and then transfected with AP-HB-EGF plasmid together with wild-type
(WT) or mutant ADAM17 using Lipofectamine 2000 (Invitrogen, Grand Island, NY). When the cells were conflu-
ent, they were washed in Opti-MEM (Gibco, Grand Island, NY) for 1 h. Fresh Opti-MEM with or without 25 ng/ml
phorbol-12-myristate-13-acetate (PMA) was added for 1 h to stimulate shedding as described before [14,15]. After
incubating with the AP substrate 4-nitrophenyl phosphate (4-NPP), the AP activities in the supernatant were mea-
sured at 405 nm. Three identical wells were prepared, and the ratio of AP activity in the supernatant was calculated
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Table 1 Missense mutations of ADAM17 and ADAM10 detected in our CHD cohort

Mutation location cDNA change a.a. change AF in cases’ AF in TOFs2 AF in controls®  AF in EXAC
ADAM17 exon2 Cc.124 T>A Y42D 0|1 (366) = 0.0014 0|1 (80) = 0.0063 0]0 (480) =0 0

ADAM17 exon5 c.536 A~G Q179R 0|1 (366) = 0.0014 01 (80) = 0.0063 04 (480) = 0.0042  9.086-05
ADAM17 exon16 c.1976T=C L659P 0|1 (366) = 0.0014 0|1 (80) = 0.0063 0[0 (480) = 0 0

ADAM17 exon19 6.2243C>T AT48V 0|1 (366) = 0.0014 0|1 (80) = 0.0063 0[0 (480) = O 0.001542
ADAM10 exon7 c.763A>G TO55A 316 (366) = 0.016 0|1 (80) = 0.0063 118 (480) = 0.010 0.0007415

"The numbers are the homo|het carriers in (tested) CHD cases.
2The numbers are the homo|het carriers in (tested) TOF cases.
3The numbers are the homo|het carriers in (tested) controls.

by values from the second hour divided by values from the first hour. Each experiment was conducted at least three
times. Student’s ¢ test for paired samples was used to determine statistical significance. Differences were considered
statistically significant at P<0.05.

Dual-luciferase reporter assay

Dual-luciferase assays were performed using the Dual-Luciferase Assay system from Promega. ADAM17~/~ 293T
cells were seeded in 24-well culture plates and grown to 70-80% confluency. The cells from each well were transfected
with 400 ng ADAM17 WT or MUT or empty vector plasmids, 100 ng of CSL (CBF1/RBP-Jk) luciferase reporter, and
internal control 10 ng of Renilla-luciferase plasmid, using Lipofectamine 2000 (Invitrogen). After 48 h, the cells were
lysed and assayed for luciferase activity. Luciferase activity was corrected for transfection efficiency. Student’s ¢ test
for paired samples was used to determine statistical significance. Differences were considered statistically significant
at P<0.05.

Results

Novel missense variants of ADAM17 detected in TOF patients

A total of 80 sporadic TOF patients, 286 other CHD patients, and 480 matched healthy controls were collected dur-
ing 2008-2013 as described in the Materials and methods section. Target sequencing on all exons of ADAM]10 and
ADAM]17 were performed in TOF patients first. Only four missense single nucleotide variants (SNVs) of ADAMI17
and one missense SNV of ADAM]10 were identified in 80 TOF patients (Table 1). When the other 286 CHD or 480
control samples were further sequenced, only three ADAM17 mutations were detected in TOF patients (c.124 T>A,
¢.1976T>C, ¢.2243C>T), which were verified by Sanger sequencing (Suplementary Figure S1). Two of the ADAM17
mutations (c.124 T>A p.Y42D and ¢.1976T>C p.L659P) are novel, based on our control sample and the Exome
Aggregation Consortium (ExAC) database [35] (Table 1).

ADAM17 knock-in and KO did not affect pluripotency of hESCs

Previous studies showed that coding variants which are predicted to affect protein function are more likely to be
causal [36,37]. To study the function of these mutations, we used hESCs-derived CM:s to test the impact of these
case-specific ADAM17 mutations on protein function.

The first step is to generate genome-edited hESC lines carrying different ADAM17 mutations. Using CRISPR/Cas9
and cre-loxp-based genome editing strategy (Figure 1A), we generated three ADAM1I17 heterozygote knock-in (KI)
(T124A, T1976C, and C2243T) hESC lines and the mutations were confirmed by Sanger sequencing (Figure 1B-D).
The newly developed SpCas9 (eSpCas9) was used in our experiments to reduce off-target effect and enhance speci-
ficity [38]. We also generated ADAM17 KO hESCs with a 4 bp deletion compared with WT cells (Figure 1E,F) using
the epiCRISPR system which we previously developed [26]. Luckily, the KO hESCs were homozygotes and the com-
plete loss of ADAM17 protein was confirmed by Western blot in two different single cell colonies (Figure 1G).

We subsequently examined whether these edited cell lines could maintain pluripotent characteristics by check-
ing their morphologies and expression of pluripotency markers. Similar to WT hESCs, all three mutated hESCs
(Y42D, L659P, A748V corresponding to T124A, T1976C, C2243T) had normal morphologies and stained positive for
pluripotency markers OCT4 and Tral-60 (Figure 1H). Therefore, neither knocking-in nor knocking-out of ADAM17
affected the pluripotency of hESCs.
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Figure 1. Generating genome-edited hESCs by CRISPR/Cas9 system

(A) The overview of genome editing system for KI. The sequencing confirmation of T124A (B); T1976C (C); C2243T (D); KI hESCs
and KO (E); and WT (F) hESCs. All KI hESCs are heterozygous and KO is homozygous. (G) Two colonies each of WT and KO
hESCs were subjected to Western blotting for ADAM17. GAPDH was used as loading control. (H) Immunofluorescent staining of
WT, KO, Y42D (T124A), L659P (T1976C), and A748V (C2243T) hESCs with pluripotency marker octamer-binding transcription factor
4 (OCT4) (green) and Tra1-60 (red). DAPI was used for nucleus staining (blue) (N=4).

ADAM17 KI and KO hESC-CMs were hypertrophic

The hESC lines were induced to differentiate into CMs using a previously published monolayer stepwise differenti-
ation protocol (Figure 2A) [27]. Eight to ten days after the induction of differentiation, spontaneously beating cells
were observed. At day 15, beating CMs were dissociated and seeded into Matrigel-coated plates for further analysis.
These CMs exhibited positive staining for sarcomeric proteins such as x-actinin and cardiac troponin T (Figure 2B).
Markedly, significant hypertrophy was observed in ADAM17 KO and Y42D and L659P mutant hESC-CMs, but not
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Figure 2. ADAM17 KO, Y42D and L659P KI hESC-CMs are hypertrophy with irregular calcium transient signal

(A) An illustration of the stepwise differentiation protocol for hRESC-CMs. (B) Immunofluorescent staining of WT, KO, Y42D, L659P,
and A748V hESC-CMs with CM markers «-actinin (red) and cTnT (green). DAPI was used for nucleus staining (blue). (C) The box
plot of cell sizes for five different hESC-CMs (n=60 for each line). (D) The expression levels of cardiac hypertrophy marker NPPA
were quantified by qPCR in hESC-CMs (N=4). (E and F) The Ca2* transient signals in these hECS-CMs. The representative regular
signals in WT and irregular signals in KO cells were shown in (E). (F) N=4 and over 60 cells were randomly selected each time and
percentages of cells with irregular Ca2* transient were calculated. Data are presented as mean + S.E.M. Student’s t test for paired
samples was used to determine statistical significance. "P<0.05, “P<0.01, and " "P<0.001.

in the A748V mutant hESC-CMs (Figure 2B), which was also reflected in the cell sizes (Figure 2C). We also exam-
ined the expression levels of NPPA, a CM hypertrophy marker [39] (Figure 2D), which was significantly higher in
ADAM17 KO and Y42D and L659P mutant hESC-CMs but not A748V mutant hESC-CMs. In addition, ADAM17
KO and Y42D and L659P mutant hESC-CM:s also have disorganized sarcomeres (Supplementary Figure S2). The nor-
mal hESC-CMs displayed regular spontaneous rhythmic calcium cycling while the hypertrophic hESC-CMs displayed
irregular rhythms (Supplementary Videos S1 and S2). This is also further confirmed by intracellular calcium signal-
ing with the fluorescent Ca** dye Fluo-4 AM. Compared with WT and ADAM17 A748V hESC-CMs, the ADAM17
KO, Y42D and L659P mutant hESC-CMs showed significantly more Ca®* transient irregularities (Figure 2E,F).
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Phosphatidylinositide 3-kinases/protein kinase B (PISK/Akt) signaling
was altered in mutated hESC-CMs and ADAM17 Y42D and L659P

mutants lost HB-EGF shedding

To better understand the molecular and cellular effects of these mutants, the WT, KO, Y42D, L659P, and A748V
hESC-CMs were sent for RNA-seq analysis. The RNA-seq results showed that A748V hESC-CMs were very simi-
lar to WT hESC-CMs, while KO, Y42D, and L659P hESC-CMs had significant number of differentially expressed
genes compared with WT hESC-CMs (Figure 3A). The KEGG enrichment analysis revealed that there were multiple
CM-related pathways affected (P-value <0.05) in three hypertrophic CMs, including hypertrophic cardiomyopathy
and dilated cardiomyopathy (Figure 3B and Supplementary Table S5). The KEGG classification of the differential
genes showed the most affected class in hypertrophic CMs was signal transduction (Supplementary Figure $4). In-
terestingly, the most affected pathways in three hypertrophic CMs were the phosphatidylinositide 3-kinases/protein
kinase B (PI3K/Akt), calcium, and MAPK signaling pathways (Figure 3C, Supplementary Figure S4, and Supplemen-
tary Table S6). As both PI3K/Akt and MAPK pathways are downstream of ErbB signaling, these results suggested
that probably ErbB signaling, not NOTCH signaling, was affected in the hypertrophic CMs.

To further explore the signaling events during CM differentiation, we performed q-PCR on a set of genes at various
time points of WT hESCs differentiation (Figure 4). The set of genes included multiple stage markers and molecules
in the NOTCH and ErbB signaling pathways. Two ErbB signaling ligands HB-EGF and transforming growth factor
o (TGF-«), which are cleaved by ADAM17 [14], were tested. Our results showed that the expression of stage specific
genes correlated well with the differentiation stages, such as OCT4 for stem cells, T and mix paired-like homeobox
(MIXL1) for mesoderm, NK2 homeobox 5 (NKX2-5) for cardiac progenitor cells, and «-actinin for CMs. Although
the key NOTCH signaling molecules (including ligand JAG-1, receptor NOTCH 1, S2 enzyme ADAM]10, and down-
stream target hes family bHLH transcription factor 1 [HES1]) were all up-regulated at mesoderm to cardiac progeni-
tor stages (days 2-6), they were slightly down-regulated at CM stage (day 8-12). Instead, both ADAM17 and HB-EGF
were constantly up-regulated at the CM stage (day 8-12), while TGF-o was up-regulated only at the mesoderm stage
and then sharply down-regulated at the CM stages (Figure 4).

To further explore the effects of ADAMI7 mutations in HB-EGF shedding and NOTCH signaling, in vitro
assays were carried out. ADAM17-KO 293T cells were transfected with different ADAM17 expressing plasmids
and AP-tagged HB-EGF plasmid. PMA-induced shedding of HB-EGF was examined as previously described
[14,20]. Compared with WT ADAM17, only Y42D and L659P mutants lost PMA-induced HB-EGF shedding in
ADAM17-KO 293T cells (Figure 5A). When exogenous HB-EGF (10 ng/ml) was added to ADAM17 KO, Y42D, and
L659P KT hESC-CMs from day 12 to 30. HB-EGF could reduce the cell size of ADAM17 KO hESC-CMs (Supplemen-
tary Figure S5). The effects of ADAM17 mutations on NOTCH signaling were further examined by the NOTCH re-
porter genes CSL luciferase system as well as the expression of the endogenous NOTCH target genes HES1 and HEY 1.
ADAMI17-KO 293T cells were transfected with different ADAM17 expressing plasmids and CSL luciferase reporters.
The results showed that the impact of the mutations were similar to that of WT ADAM17 on NOTCH signaling
(Figure 5B). The expression levels of HES1 and HEYI were examined by q-PCR in 293T cells which were transfected
with either WT or mutant ADAM17 expressing plasmids. The results also showed that the ADAM17 mutants do not
affect NOTCH signaling (Figure 5C,D). Immunofluorescent experiments showed that none of the mutations affected
the membrane location of ADAM17 in COS-7 cells (Figure 5E). However, Y42D mutation down-regulated the ex-
pression level of ADAM17 in ADAM17-KO 293T cells (Figure 5F), which can be blocked by proteasome inhibitor
MG132 (Figure 5G).

Taken together, ADAM17 Y42D significantly decreased the protein expression level of ADAM17, while the Y42D
and L659P mutations strongly inhibited the ADAM17-dependent shedding of HB-EGF, yet had no effect on NOTCH
signaling.

Discussion

Although recent whole exome sequencing studies on large CHD cohorts confirmed the importance of rare variants in
the etiology of CHDs [40-44], just how these variants contribute to the pathology and phenotypes of CHDs remains
unclear. By using a hESC-CMs model, we were able to demonstrate that two novel variants of ADAM17 identified
in TOF patients can induce CM hypertrophy. The right ventricle hypertrophy of TOF is considered as a secondary
symptom due to pulmonary outflow tract obstruction. But our study suggested that the right ventricle hypertrophy
could also be a primary symptom of TOF due to the genetic background of the infant. Even after surgical repair, the
right ventricular hypertrophy is risk factor for sudden death in patients with surgically repaired TOF [45]. Therefore,
the primary phenotype may affect the outcome of these patients after TOF repair surgery.

232 (© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY-NC-ND).



Clinical Science (2019) 133 225-238
https://doi.org/10.1042/CS20180842

«. 2 PORTLAND
00 press

(A) KO vs WT Y42D vs WT
20 20
_ 15 _ 15
E E]
z z + Down regulation
= 10, 5 10 Not Significant
I . 3 = Up regulation
5 5 1
] i
4=0.05 4=0.05' |
10 5 FC=2FC=2 5 10 -0 -5 FC=2FC=2 5 10
Log2(Fold-change) Log2{Fold-change)
L659P vs WT AT4BV vs WT
0 20
15 15
E
& z
5 10 E 10
5 5
g=0.05' e q=0.05" 2
-0 5 FC=-2FC=2 § 10 -0 -5 FC=-2FC=2 § 10
Log2(Fold-change) Log2(Feld-change)
(B) KO vs WT (C) KO vs WT
Pi3k-Akt signaling pathway |
Cell adhesion molecules (CAMs) Rap1 signaling pathway |
MAPK signaling pathway
Dilated cardiomyopathy CGMP-PKG signaling pathway |
Tight junction cAMP si;nal?m; pathway | o
Ras signaling pathway s s
Hypertrophic cardiomyopathy (HCM) Calcium signaling pathway |
o . Hippa signaling pathway [
thjrihmoge_nlc right veniricutar Wint signiling pattway e
P (ARVC) — s TNF signaling pathway s
0 0 15 20
~Lgi0(p-value) Number of Genes
Y42D vs WT ¥42D vs WT
R Pl3k-Akt signaling pathway
Tight junction -
b Ras signaling pathway
Calcium signaling pal
Cell adhesion molecules (CAMs) CGMP-PKG EME Dﬂm
o Wint signaling pathway
Adherens junction Hippo signaling pathway
Rap? signaling pathway
Hypertrophic cardiomyopathy (HCM) Phosphatidylinositol signaling pathway
MAPK, signaling pathway
005115225 cAMP signaling pathway
-Lgt Il 2 4 6 0
Lgt0(p-value) Number of Genes
LE59P vs WT L659P vs WT
Pl3k-Akt signaling pathway !
Dilated cardiomyopathy Hippo signaling pathway
Calcium signaling pathway
Hypertrophic cardiomyopathy (HCM) Rap1 signaling pathway
Ras signaling pattway
— MAPK signaling pathway
T
ght junction CGMP-PKG signaling pathway
Wit signali
Cell adhesion molecules (CAMS) CAMP :—:n;z :m
4 8 101214
n‘.?_ma';p.vlils.,; d Number of Genes

Figure 3. The RNA-seq results of ADAM17 KO, Y42D, and L659P KI hESC-CMs

(A) Volcano maps for differentially expressed genes in KO and KI mutant hESC-CMs compared with WT hESC-CMs. The differential
genes were analyzed for KEGG pathway and classification enrichment. CMs-related KEGG pathways (P-value <0.05) were shown
in (B). The hypertrophic cadiomyopathy (HCM) pathway in Y42D vs WT group was also included in (B) with a P-value =0.057. The
signaling pathways with most differential genes within signal transduction were shown in (C).
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Figure 4. The q-PCR results of different genes during hESCs differentiation
WT hESCs were collected at days 0, 2, 4, 6, 8, 10, and 12. Total RNAs were extracted and subjected to g-PCR for different genes.
GAPDH was used as internal control and the relative mRNA levels were calculated (N=3).

There are three case-specific ADAM17 missense mutations identified within our cohort. However, based on the
ExAC database, which contains genomic data on a control population of over 60000 individuals, the A748V muta-
tion is a rare variant. Not only did this variant fail to affect ADAM17 function, but the A748V-KI hESC-CMs also
differentiated normally. Therefore, genetic screening on causative variants could benefit largely from a large control
database such as ExAC, even with a relatively limited patient study cohort.

Although we initiated our screening on ADAM10 and ADAM17 as they are both able to cleave NOTCH1
[13,46,47], we failed to identify any case-specific variants in ADAM]I10. One possibility is that a functional muta-
tion of ADAMIO results in early lethality of the fetus, thus, such a mutation could not be detected in any surviving
patients. This is consistent with the data observed in the Adam 10 KO mice [22], as well as KOs for Notchl [48]
and its downstream targets Heyl and Hey2 [49], all of which died around E9.5-10.5 due to failure of early heart de-
velopment. On the other hand, Adam 17 KO mice died during the perinatal stage [50] with cardiovascular and lung
defects [18,21,51]. Interestingly, both ADAM17 KO and the two hypertrophic mutations, ADAM17 Y42D and L659P,
lost HB-EGF shedding. When exogenous HB-EGF was added to early differentiated hESC-CMs, it could rescue the
hypertrophy phenotype of ADAM17 KO CMs (Supplementary Figure S5). This further supports the importance of
ADAM17-mediated HB-EGF shedding for CMs development. These are the first human data and they are consistent
with the previous-reported studies using mouse models, which indicated that ADAM17-mediated HB-EGF shedding
is critical for heart development [17,18,20,21]. The cell sizes of ADAM17 Y42D and L659P CMs tended to be smaller,
but the statistical results were not significant (Supplementary Figure S5). One possibility is that HB-EGF is needed
earlier than day 12 for these two cell lines. The other possibility is that these two different point mutations deregulate
additional functions during CM differentiation, which need to be further investigated. We note that one human case
was reported in 2011 with a loss-of-function mutation in ADAM]17. The patient had severe inflammatory skin and
bowel diseases in addition to ventricular dilation of heart [52]. As our TOF patients do not have symptoms other than
cardiac defects, ADAM17-dependent HB-EGF shedding and Y42D and L659P mutations are likely contributing to
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Figure 5. The expression and shedding activity of ADAM17 mutants

(A) WT or mutant ADAM17 expression plasmids and substrate AP-tagged HB-EGF plasmids were transfected into ADAM17-KO
293T cells and subjected for shedding assay. Supernatants prior to and after PMA stimulation were collected and incubated with
4-NPP for 2 h. OD values were measured at 405 nm. The relative activity was calculated with OD (+PMA)/OD (control) (N=4). (B)
Dual-luciferase reporter assay for NOTCH activity. ADAM17-KO 293T cells were transfected with CSL luciferase reporters with
either WT or mutant ADAM17 expression plasmids and subjected to luciferase assay. The relative NOTCH activity was calculated
based on the internal control Renilla activity (N=4). (C,D) Human 293T cells were transfected with control vector (CTR), WT or
mutant ADAM17 expression plasmids, and subjected for g-PCR for NOTCH downstream target genes HEY1 or HES1 (N=4). (E)
C-terminal flag-tagged WT or mutant ADAM17 expression plasmids were transfected into COS-7 cells. Cells were permeabilized
with 0.2% Triton X-100 in PBS for 15 min and subjected to immunofluorescent staining with anti-flag antibody and confocal imaging.
C-flag-tagged WT and mutant ADAM17 proteins were all located at the cell membrane (green). DAPI (blue) was used for nucleus
staining (N=4). (F) Human 293T cells were transfected with either WT or mutant ADAM17 expression plasmids and subjected to
Western blot with anti-flag antibody. A GFP expression plasmid was co-transfected in all cells and used as loading control. A
representative blot was shown on the left and the quantification was shown on the right panel (N=4). (G) Human 293T cells were
transfected with either WT or ADAM17 Y42D mutant expression plasmids. After 12 h recovery, cells were treated with proteasome
inhibitor MG132 (10 uM) for another 12 h. Then cells were lysed and subjected to Western blot with anti-flag antibody. GAPDH
was used as loading control. A representative blot was shown on the left and the quantification was shown on the right panel
(N=4). In (A-D, F,G), data are presented as mean + S.E.M. and Student’s t test for paired samples was used to determine statistical
significance. "P<0.05 and “P<0.01.
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the right ventricular hypertrophy of the carrier TOF patients, while the functions of other ADM17-dependent sub-
strates, such as TNF-o, may be important for inflammation in skin and gut. As it has been shown that iRhom2 can
regulate substrate selectivity of ADAMI17 [53], it will be important to determine how the interaction of iRhom2 with
ADAMI17 is regulated at Y42 and L659 sites in the developing heart.

Taken together, our study demonstrated that genome-edited hESCs-CMs are a good model system to study the eti-
ology of rare mutations, particular for those involved in the CM maturation process. Using this model, we screened
two loss-of-function mutations of ADAM17 which demonstrated that CM hypertrophy in TOF patients may repre-
sent the primary phenotype induced by A DA M17 mutations by affecting HB-EGF signaling. However, as the patients
from our cohort are still relatively young, it is too early to ascertain the ultimate health consequences of these patients
post-TOF repair surgery. It will take additional surveillance of these patients to determine whether these mutations
will affect their right ventricle after they reach adulthood. As there are more and more CHD patients surviving cardiac
surgeries, it would be interesting to investigate the long term effects of the correlated genetic mutations in the future.

Clinical perspectives

e Tetralogy of Fallot (TOF) is the most common cyanotic form of congenital heart defects (CHDs).
The right ventricular hypertrophy is associated with the survival rate of patients with repaired TOF.
However, very little is known concerning its genetic etiology.

e Here we identified two novel ADAM17 mutations (Y42D and L659P) in TOF patients, which could
cause hypertrophy of human embryonic stem cells derived cardiomyocytes when knocked-in as
heterozygote by affecting heparin-binding epidermal growth factor-like growth factor/ErbB signal-

ing.

e The right ventricular hypertrophy could be primary phenotype caused by genetic mutations and
long term effects of these mutations should be monitored in CHD patients surviving cardiac surg-
eries.
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