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Aims Retinoic acid (RA) signalling is essential for heart development, and dysregulation of the RA signalling can cause several types of
cardiac outflow tract (OFT) defects, the most frequent congenital heart disease (CHD) in humans. Matthew-Wood syndrome
is caused by inactivating mutations of a transmembrane protein gene STRA6 that transports vitamin A (retinol) from extracellular
into intracellular spaces. This syndrome shows a broad spectrum of malformations including CHD, although murine Straé-null neo-
nates did not exhibit overt heart defects. Thus, the detailed mechanisms by which STRAé mutations could lead to cardiac malfor-
mations in humans remain unclear. Here, we investigated the role of STRA6 in the context of human cardiogenesis and CHD.

Methods To gain molecular signatures in species-specific cardiac development, we first compared single-cell RNA sequencing (RNA-seq)

and results datasets, uniquely obtained from human and murine embryonic hearts. We found that while STRA6 mRNA was much less fre-
quently expressed in murine embryonic heart cells derived from the Mesp1* lineage tracing mice (Mesp1<®*; Rosa26'7°™%) it
was expressed predominantly in the OFT region-specific heart progenitors in human developing hearts. Next, we revealed that
STRA6-knockout human embryonic stem cells (hESCs) could differentiate into cardiomyocytes similarly to wild-type hESCs, but
could not differentiate properly into mesodermal nor neural crest cell-derived smooth muscle cells (SMCs) in vitro. This is sup-
ported by the population RNA-seq data showing down-regulation of the SMC-related genes in the STRAé-knockout hESC-derived
cells. Further, through machinery assays, we identified the previously unrecognized interaction between RA nuclear receptors
RARo/RXRa and TBX1, an OFT-specific cardiogenic transcription factor, which would likely act downstream to STRA6-mediated
RA signalling in human cardiogenesis.

Conclusion Our study highlights the critical role of human-specific STRA6 progenitors for proper induction of vascular SMCs that is essential
for normal OFT formation. Thus, these results shed light on novel and human-specific CHD mechanisms, driven by STRA6
mutations.
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1. Introduction

Heart formation is one of the earliest and most critical steps in embryogen-
esis. The morphogenetic process of mammalian heart development is
complex and tightly regulated by a diverse set of heart progenitors and
paracrine molecular cues."? These progenitors contribute to forming
the distinct heart regions, such as atria, right ventricle (RV) and left ventricle
(LV), and cardiac outflow tract (OFT). Multiple paracrine signalling path-
ways control the heart progenitors’ specification, commitment, prolifer-
ation, and differentiation into various cardiac cell lineages in a sequential
and co-ordinated fashion.> For instance, the retinoic acid (RA) signalling
regulates the patterning of the second heart field (SHF) progenitors and
is thereby essential for cardiac OFT development.*® Either an excess or
lack of RA, a biologically active metabolite of vitamin A (retinol), causes car-
diac OFT defects that are the most common congenital heart disease
(CHD) in humans.® In fact, a failed septation and/or a mal-alignment of
the OFT lead to persistent truncus arteriosus (PTA), double outlet right
ventricle, transposition of the great arteries, overriding aorta, ventricular
septal defect (VSD), tetralogy of Fallot (ToF), or other anomalies. In regard
to genetic variation of the RA signalling-related genes, inactivating muta-
tions of the STRA6 gene that encodes a transmembrane protein imple-
menting cellular uptake of vitamin A is known to cause Matthew-Wood
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(also termed PDAC) syndrome, which is a rare autosomal recessive dis-
order and shows a broad spectrum of congenital malformations including
pulmonary hypoplasia/agenesis, diaphragmatic hernia, anophthalmia/mi-
crophthalmia, and cardiac defects.”® Cardiovascular malformations ob-
served in Matthew-Wood syndrome involve atrial septal defects,
persistent ductus arteriosus, aortic arch abnormalities, and ToF,”'® which
are similar to those in other RA signalling disorders. Congenital heart de-
fects are observed in around 50% of patients with this syndrome, with
varying levels of severity.? In contrast, interestingly, murine Straé-null em-
bryos and neonates did not exhibit overt heart defects."™™"* Although this
implies a species-specific cardiac malformation program associated with
dysregulation of the RA signalling, the precise mechanisms by which
STRA6 mutations can cause cardiac malformations such as OFT defects
in humans are still undetermined, which would further require rigorous
and cross-species comparison analysis.

On the other hand, a recent sophisticated biotechnology such as single-
cell RNA sequencing (RNA-seq) has been able to reconstruct complex cel-
lular heterogeneity in vivo and identify developmental cellular trajectories
and molecular signatures in various types of tissues and organs.™ This ap-
proach examining murine and human developing hearts has provided novel
insights on mammalian cardiogenesis at higher resolution than before and
identified previously unrecognized heart progenitors and/or molecules that
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would play certain roles spatiotemporally in developing hearts.">™"” Here
we compared the single-cell RNA-seq datasets uniquely obtained from hu-
man and murine embryonic hearts, respectively, and focused on the STRA6
mRNA expression at the single-cell level in each. Importantly, we found
that while STRA6 was much less frequently expressed in murine embryon-
ic heart cells derived from the Mesp1" lineage tracing mice, it was ex-
pressed predominantly in the cono-ventricular region (i.e. proximal
OFT)-specific heart progenitors in the human embryonic heart. Next,
we generated STRA6-knockout (STRA6-KO) human embryonic stem cell
(hESC) lines via CRISPR-Cas9 technology'® and tested their capabilities
to differentiate into cardiomyocytes (CMs) and vascular smooth muscle
cells (SMCs) in vitro using the established protocols."2' Of particular
interest, the STRA6-KO hESCs could differentiate into CMs similarly to
wild-type (WT) hESCs but could not differentiate properly into mesoder-
mal lineage-derived nor neural crest cell (NCC) lineage-derived SMCs in
vitro. This is corroborated by the transcriptomics data showing down-
regulation of a number of SMC differentiation-related and SMC marker
genes in STRA6-KO cells during CM and SMC differentiation. Further,
through mechanistic analyses using chromatin immunoprecipitation
(ChlP) and immunoblotting assays, we newly identified the previously un-
recognized gene regulatory network, involving an interaction between RA
nuclear receptors RARo/RXRa and TBX1, an OFT-specific cardiogenic
transcription factor (TF),>> which would likely act downstream to
STRA6-mediated RA signalling in human cardiogenesis.

Collectively, these results not only give us novel insights on understand-
ing mammalian cardiogenesis but also shed light on previously unappreci-
ated and human-specific CHD mechanisms, driven by the STRAé
mutations.

2. Methods

2.1 Isolation of human and murine

embryonic heart-derived single cells

The study was performed in accordance with the Declaration of Helsinki
and the guidelines from Directive 2010/63/EU, and all the protocols includ-
ing handling of human samples and animal works were approved by the
Institutional Review Board at Karolinska Institutet with ethical permission
numbers (Dnr 2015/1369-31/2 and N227-14). For the analysis of human
developing hearts, we utilized our previously published single-cell
RNA-seq dataset, involving a total of 458 individual cardiac cells derived
from micro-dissected heart regions, i.e. OFT, atria, and ventricles of human
embryonic/foetal hearts at 4.5-10 weeks of the gestation stages. Prior to
inclusion in the study, informed written consent was obtained, as described
previously.'®

For the analysis of murine developing hearts, we first established the
Mesp1® mesodermal lineage tracing mice. For this, using CRISPR-Cas9
and micro-injection into zygotes followed by embryo transfer into pseudo-
pregnant female mice (CD1), we generated a Mesp1-IRES2-Cre knock-in
mouse line (unpublished observation) and cross-bred them with reporter
mice (Rosa26'7°™). On the Mesp1™ lineage tracing mice (Mesp!<*;
RosaZéth"mm), we observed that more than 95% of the heart cells on
an embryonic day 10.5 (E10.5) and at neonatal P1 were the mesodermal
lineage (Mesp1™) (see Supplementary material online, Figure S1). The hearts
of the Mesp1<"*; Rosa26"7°™ embryos were harvested at the various
time points such as E9.5, E10.5, and E14.5 and micro-dissected as a whole
heart tube on E9.5 or 4 divided compartments such as OFT, RV, LV, and
atria on E10.5 and E14.5. Each of the divided heart regions was cut into
small pieces and dissociated into single cells, as described previously.'®
Separately, we also harvested the whole embryos (Mesp? creft,
Rosa26"7°™®) at E8.25 and dissociated them into single cells as well.
After staining the dissociated cells with DAPI (Thermo Fisher Scientific),
the DAPI-negative (live) and Mesp1-tdTomato” single cardiac cells were
sorted into 384-well plates containing cell lysis buffer, customized for
the Smart-seq2 approach,” using a fluorescence-activated cell sorter
(FACSARIA 1Il; BD Biosciences).

At the embryos’ transfer for generation of a Mesp 1-IRES2-Cre knock-in
mouse line, we used 2.5% of isoflurane to the recipient female mice one
time as inhalation anaesthesia. Euthanasia was performed by overexposure
to CO; gas in a closed chamber followed by cervical dislocation.

2.2 Single-cell RNA library construction
and RNA sequencing

cDNA libraries of the sorted single cardiac cells were prepared with the
Smart-seq2 approach composed of the sequential steps such as denature, re-
verse transcription, PCR pre-amplification, PCR purification, tagmentation re-
action, enrichment PCR, re-PCR purification, quality check, and library
|3oo|ing.23 The pooled libraries were sequenced at 125 bp paired-end or
50 bp single-end to a mean read depth of around 700 000 total aligned reads
per cell on the Hiseq 2500 or 4000 instrument (lllumina).

2.3 Single-cell RNA sequencing data analysis
Raw reads were pre-processed with the sequence-grooming tools
FASTQC and Cutadapt and followed by sequence alignment with the
STAR aligner and Samtools onto human (hg38) or murine (UCSC
mm10) genome reference with default settings (unique mapping rate:
around 75-85%)."* Mapped gene counts were carried out with HTSeq,
and transcript levels were quantified for each transcript as fragments or
reads per kilo base of transcript per million mapped reads (FPKM or
RPKM). The average number of expressed genes (FPKM/RPKM>1) was
~7000-8000 per cell, and the average number of counts was ~15-20
per gene. After filtration of low expression genes and poor-quality cells,
depth-normalization of the filtered cells’ reads was conducted using
edgeR or DESeq program, implemented in R/Bioconductor. To overview
the entire single-cell transcriptomics to be analysed, principal component
analysis (PCA), hierarchical clustering, and diffusion map dimensionality re-
duction were performed. To cluster the analysed single cells, dimensional-
ity reduction methods such as two-dimensional t-distributed stochastic
neighbour embedding (tSNE) and uniform manifold approximation and
projection were performed using the Seurat program.** Differential ex-
pression analysis of the defined clusters was conducted using edgeR,
Limma, and Seurat programs.16

2.4 Human ESC culture and in vitro

cardiomyocyte differentiation

The hESC line H9 was purchased from WiCell Research Institute and main-
tained on feeder-free and 0.3 mg/mL Matrigel (BD Biosciences)-coated plates
in mTeSR1 medium (STEMCELL Technologies), according to manufacturers’
instructions. Cells were fed daily and passaged every 4-5 days with Accutase
(STEMCELL Technologies). Media was supplemented with 5 uM ROCK in-
hibitor Y-27632 (Tocris) for 24 h after splitting.

Cardiac-directed differentiation was performed using a well-established
hESC-CM differentiation protocol based on Wt signalling modulation.®*
Briefly, hESCs were dissociated into single cells with Accutase and seeded
onto Matrigel-coated 12-well plates at 750 000—1.2 million cells per well
in mTeSR1 supplemented with 5 UM Y-27632 for 24 h (day —2). At Day
0, cells were treated with 12 uM GSK-3f inhibitor CHIR99021 (Sigma) in
RPMI' medium supplemented with B27 minus insulin (RPMI/B27-ins;
Thermo Fisher Scientific) for 24 h. At Day 1, the medium was replaced
with fresh RPMI/B27-ins. At Day 3, half of the medium in each well was chan-
ged to RPMI/B27-ins supplemented with 5uM Whnt inhibitor IWP-2
(Tocris), all of which was replaced with fresh RPMI/B27-ins at Day 5. At
Day 7, the medium was switched to fresh RPMI medium with B27 supple-
ment (RPMI/B27). Thereafter, the medium was replaced with fresh RPMI/
B27 every other day. Beating CMs start to appear in the culture typically
at Day 8 or 9. Robust and broad spontaneous contractions are observed
from Day 10 to 12 onward. In a separate experiment, cells were simultan-
eously treated with 0.5 pM RA (Sigma) during Days 37, in order to exam-
ine the effects of the enhanced RA signalling pathway in CM differentiation.
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2.5 In vitro smooth muscle cell differentiation

In vitro mesodermal lineage-derived vascular SMC differentiation from
hESCs was performed using a well-established protocol with minor modi-
fication.”® Briefly, dissociated hESCs were seeded onto Matrigel-coated
6-well plates at 400000 cells per well in mTeSR1 supplemented with
5uM Y-27632 for 24 h (Day 0). At Day 1, the medium was replaced
with N2/B27 medium [1:1 of DMEM/F12 and Neurobasal medium
(Gibco) with B27 and N2 supplements (Thermo Fisher Scientific) and
0.19% B-mercaptoethanol] supplemented with 8 uM CHIR99021 and
25 ng/mL human BMP4 (R&D), which was maintained for 3 days. At
Days 4 and 5, the medium was replaced with fresh N2/B27 medium sup-
plemented with 10 ng/mL PDGF-BB (Peprotech) and 2 ng/mL Activin-A
(Peprotech). Typically, mesodermal vascular SMCs (PDGFRB*SM22")
show up from Day 6 onward.

In vitro NCC lineage-derived vascular SMC differentiation from hESCs was
performed using another established protocol.”’ Briefly, dissociated hESCs
were seeded onto Matrigel-coated 6-well plates at 200 000 cells per well in
mTeSR1 supplemented with 5 uM Y-27632 for 24 h (day —1). On Day 0,
the medium was switched to NCC differentiation basic medium [DMEM/
F12 supplemented with N2 supplement (Thermo Fisher Scientific), 0.1%
BSA (Sigma) and 1% pen/strep] with 10 uM of a Smad2/3-specific inhibitor
SB4315421 (Stemgent) and 1uM of an Alk2/3 inhibitor LDN193189
(Stemgent). At Day 1, 3 uM CHIR99021 was added to the above medium.
The medium was kept for 6 days without exchange. At Day 6, NCCs were
showing up in culture and separated into single cells with Accutase. The disso-
ciated cells were then transferred to Matrigel-coated 6-well plates at 1 million
cells per well in NCC differentiation basic medium with 5pM Y-27632.
Twenty-four hours later, the medium was replaced with NCC-SMC differen-
tiation basic medium [DMEM/F12, 20% knockout serum replacement
(Thermo Fisher Scientific), 1% pen/strep] supplemented with 2 ng/mL
TGF-B1 (Peprotech). The medium was changed to the fresh NCC-SMC me-
dium with TGF-B1 every other day for 8 days. In a separate experiment, cells
were simultaneously treated with 0.5 uM RA (Sigma) during Days 1-6 in
mesodermal SMC differentiation or during Days 6—10 in NCC-derived
SMC differentiation, in order to examine the effects of the enhanced RA sig-
nalling pathway in SMC differentiation.

2.6 Flow cytometry analysis

Flow cytometry analysis was performed for cells at Days 6 and 12 in CM
differentiation, at Day 6 in mesodermal SMC differentiation, and at Day
14 in NCC-derived SMC differentiation. Cells were dissociated into single
cells with Accutase for 5-10 min, washed in phosphate buffered saline, and
blocked for 30 min in fluorescence-activated cell sorting (FACS) buffer (1%
bovine serum albumin and 10% horse serum in PBS) at 4°C. For cells in
SMC differentiation, staining for a cell surface antigen was first performed
for 30 min at 4°C with a primary antibody, anti-platelet derived growth fac-
tor receptor-f (PDGFRB, an SMC marker; BD Biosciences). Cells were
then fixed with 4% paraformaldehyde, permeabilized, blocked, and stained
for intracellular antigens for 30 min at room temperature with the follow-
ing primary antibodies: (CM differentiation) anti-Ki67-FITC (a proliferative
marker; BD Biosciences), anti-ISL1-PE (a cardiac progenitor marker; BD
Biosciences), and anti-TNNT2-APC (a CM marker; Miltenyi Biotec); and
(SMC differentiation) anti-SM22 (an SMC marker; Abcam) followed by
staining with an Alexa-Fluor 6é47-conjugated secondary antibody (BD
Biosciences) for 15 min at 4°C. Flow cytometry analysis was then con-
ducted with a flow cytometer (FACSARIA Ill) and FACS Diva software
(Beckton Dickinson). The detailed gating strategies on flow cytometry ana-
lyses were previously described elsewhere.”® Flow cytometry data were
analysed with FACS Diva and FlowJo software (Tree Star). All the primary
antibodies used in flow cytometry analyses are listed in Supplementary
material online, Table S1.

2.7 Clonal assay

Human ESC-derived STRA6" single cells were sorted with FACS after cell
staining with an anti-STRA6 primary antibody (Novus) followed by an

Alexa-Fluor 647-conjugated secondary antibody on Day 3 in CM differen-
tiation. The sorted cells were seeded onto fibronectin-coated 96-well
plates at 1 cell per well in DMEM/F12 medium supplemented with 5 uM
Y-27632 and 10% KnockOut Serum Replacement (KO-SR; Thermo
Fisher Scientific). Growing clones from single cells were picked after
7 days in culture and trypsinized. Single clone-derived cells were plated
into 3 wells of a 96-well plate for differentiation experiments and further
cultured under the 3 different culture conditions, customized for the
CM (RPMI/B27 with 2% KO-SR), SMC (SmGM-2, Lonza), or endothelial
cell (EC) (EGM2, Lonza) differentiation, respectively, for additional
14 days.'®?® Medium was replaced thereafter every other day. After
14 days, cells were fixed and stained using primary antibodies of the specific
markers for each cell type (see Supplementary material online, Table S7).

2.8 Immunostaining

Human embryonic hearts were snap-frozen and cryosectioned at 10 pm
thickness. The heart sections or the hESC-derived cells were fixed with
4% paraformaldehyde, permeabilized in PBS with 0.1% saponin, and blocked
in PBS with 1% bovine serum albumin and 10% horse serum. Samples were
then stained with primary antibodies at 4°C overnight, followed by three
washes with PBS and incubation with Alexa-Fluor 488-, 594-, and/or
Alexa-Fluor 647-conjugated secondary antibodies (Molecular Probes) spe-
cific to the appropriate species for 60 min at room temperature. After
three washes with PBS, nuclei were counterstained with DAPI (Sigma) or
the slides were mounted in Vectashield Mounting Medium with DAPI
(Vector Laboratories). All images were obtained using a Zeiss 710 confocal
microscope and its imaging system. All the primary antibodies used at im-
munostaining are listed in Supplementary material online, Table S1.

2.9 Generation of STRA6-KO and TBX1

promoter-mutant hESCs by CRISPR-Cas9

The following sequence was selected as a single guide-RNA (sgRNA) which
targets the second exon of the STRA6 gene locus and has minimal off-target
activity, using the CHOPCHOP software (http:/chopchop.cbu.uib.no/):
5'-AGGGAACCAGACCTCCCCCG(GGG)-3". The sgRNA was cloned
into a bicistronic expression vector pX459 expressing Streptococcus pyo-
genes Cas9, following a previously published protocol.’ Human ESCs
(H9) were transiently co-transfected with pX459-sgRNA and a plasmid en-
coding a puromycin resistance gene using Human Stem Cell Nucleofector
Kit (Lonza), according to the manufacturer’s instructions. After drug selec-
tion with 0.5 pg/mL puromycin for 2 days, single clones were obtained by
re-plating transfected cell pools at low density (5000 cells per dish) on
Matrigel-coated 10 cm dishes. Cells were allowed to grow for 6-10
days, until single colonies were big enough to pick and transferred to a
96-well plate. Monoclonal cell lines were then expanded, and genomic
DNAs of each clone were isolated using the GenelET Genomic DNA
Purification Kit (Thermo Fisher Scientific). The CRISPR/Cas9-mediated
gene edition on the STRA6 gene locus in each clone was confirmed by
Sanger sequencing (Eurofins) and aligned to a WT sequence of the target
region with SnapGene (GSL Biotech LLC) (see Supplementary material
online, Figure S2). To confirm the absence of STRA6 protein expression
of STRA6-KO hESC-derived cells on Day 6 in CM differentiation, flow cy-
tometry and western blotting analyses were performed with an
anti-STRA6 antibody (Novus).

Separately, to delete a specific region of 1953-1769 bp upstream from the
transcription start site (TSS) of the human TBX1 gene, two sgRNAs were se-
lected as follows: 5-CCAACACCAAGGAGAACACG(TGG)-3' and
5-ATCGCAGGCAGTGTTTGCGG(TGG)-3". As noted above, the two
pX459-sgRNAs were then co-transfected into hESCs. Monoclonal cell lines
were expanded in the same fashion and tested for the CRISPR/
Cas9-mediated deletion of 184 bp fragment by PCR and Sanger sequencing.

2.10 Western blotting

Total cellular protein was extracted from cultured cells using radioimmuno-
precipitation assay (RIPA) lysis buffer (Sigma) with a protease and phosphatase
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inhibitor cocktail (Thermo Scientific). Protein concentration was determined
with a BCA protein assay kit (Thermo Scientific); 20 pg of protein lysates were
loaded on 4-12% Bis-Tris gel (Thermo Scientific), separated by electrophoresis,
and transferred onto a 0.2 um nitrocellulose membrane with the Trans-Blot
Turbo system (Biorad). The membranes were subsequently blocked in 5%
skim milk in TBS-T (TBS with 0.1% Tween20) for 30 min at room temperature
and incubated with primary antibodies in TBS-T containing 5% bovine serum al-
bumin overnight at 4°C. The used primary antibodies were as follows:
anti-B-actin-HRP (Cell Signaling Technology, 5125S), anti-GAPDH-HRP (Cell
Signaling Technology, 8884S); anti-RARa (Cell Signaling Technology, 62294S);
anti-RXRa  (Cell Signaling Technology, 3085S);, anti-STRA6 (Novus,
NBP1-83719); and anti-TBX1 (Abcam, ab18530) (see Supplementary
material online, Table S7). After washing with TBS-T, membranes were incu-
bated with anti-mouse IgG or anti-rabbit IgG secondary antibodies conjugated
with HRP (1:2000) in TBS-T containing 5% bovine serum albumin for 1 h at
room temperature. After washing, membranes were incubated with
SuperSignal West Femto Chemiluminescent Substrate (Thermo Scientific)
for 1-5 min and imaged on a Chemidoc (Biorad). Image analysis and quantifi-
cation was performed on Image Lab software version 6.1 (Biorad). The signal
intensity was normalized to the expression of a loading control protein (B-actin
or GAPDH) and translated to relative values.

2.11 In vitro population RNA sequencing and

data analysis

cDNA libraries of the harvested population RNA samples, which were de-
rived from both WT and STRA6-KO hESC-derived cells at Days 3, 6,and 12
in CM differentiation, were generated using lllumina TrueSeq mRNA
(poly-A selection) kits. Each library was sequenced at 150 bp paired-end
on an lllumina NovaSeq 6000 $4 instrument to a depth of 2—4 x 107 reads
per sample. The quality of the fastg-format sequenced data was assessed
using FASTQC, and raw reads were further trimmed and aligned onto hu-
man genome reference (hg38) using Cutadapt and STAR. Transcript levels
were quantified as FPKM. Further normalization and differential expression
analysis were conducted using edgeR and Limma programs on R/
Bioconductor.® The gene set enrichment analysis (GSEA) was performed
on the GSEA software v4.1.0 (Broad institute).

2.12 RNA extraction and quantitative PCR

Total RNA was isolated using Direct-zol RNA Miniprep kit (Zymo
Research) from cells at Days 3, 6, and 12 in CM differentiation, at Days
4 and 6 in mesodermal SMC differentiation, and at Days 6 and 14 in
NCC-derived SMC differentiation. cDNA was synthesized from 0.5 pg
of isolated total RNA with Maxima H Minus reverse transcriptase
(Thermo Scientific) and used as a template for PCR amplification using pri-
mers specific to each of genes listed in Supplementary material online,
Table S2. Quantitative PCR was performed using Powerup SYBR green
master mix (Applied Biosystems) for 40 cycles on a 7500 Fast Real-Time
PCR System (Applied Biosystems) under standard manufacturer’s condi-
tions. Threshold cycles of each gene were normalized to the housekeeping
gene GAPDH and translated to relative values.

2.13 Chromatin immunoprecipitation

For ChIP experiments, the nuclei from WT and STRA6-KO hESC-derived cells
on Days 3 and 6 in CM differentiation were prepared, and the following chro-
matin digestion was performed using SimpleChlP Plus Enzymatic Chromatin
IP Kit (Cell Signaling Technology), according to the manufacturer’s instruc-
tions. The lysates were immunoprecipitated with normal rabbit IgG,
anti-RARa antibody (Cell Signaling Technology, 62294S), or anti-RARa anti-
body together with anti-RXRa antibody (Cell Signaling Technology, 3085S)
at 4°C overnight. Immune complexes were incubated with Protein G
Magnetic Beads for 2 h at 4°C with rotation. After washing and eluting chro-
matin from the magnetic beads, protein-DNA cross-linking was reversed in
5 M NaCl with 40 mg proteinase K by overnight incubation at 65°C. After a
purification process, the precipitated DNA was amplified for fragments of
the retinoic acid-response element (RARE) sites on the TBX1 promoter by

quantitative PCR for 40 cycles on a 7500 Fast Real-Time PCR System
(Applied Biosystems) under standard manufacturer’s conditions. Data are
presented as fold enrichment compared with the IgG negative control. The
following PCR primers were used: (Forward) 5-GAGTAAAGGCCCAA
CACCAA-3" and (Reverse) 5-AAGGAGGCCGTTCCTGTTAC-3'; or
(Forward)  5-AACTAATCTCTCCAGGCCCC-3' and  (Reverse)
5'-GACCCTGCTCATATCTCCCC-3', which were for detection of the pu-
tative RARE regions of 1884—1873 and 44964472 bp upstream from the TSS
of the human TBXT gene, respectively.

2.14 Karyotyping

WT and STRA6-KO hESC-derived cells were harvested and processed for
standard G-Band karyotype analysis following the manufacturer’s instruc-
tions (Cell Guidance Systems).

2.15 Statistical analysis

Data are presented as mean =+ standard deviation. Differences between
groups were examined with Student’s t-test or one-way ANOVA followed
by Tukey—Kramer post hoc test. Statistical significance is defined as P < 0.05.
All bioinformatics analyses were performed using R/Bioconductor, as de-
scribed above.

3. Results

3.1 Human embryonic heart single-cell
RNA-seq analysis identified STRA6 as a

novel OFT progenitor-associated gene

To elucidate the potential role of the STRA6 gene at the single-cell level in
human cardiogenesis, we utilized a single-cell RNA-seq dataset, previously
obtained from human embryonic heart samples (4.5-10 weeks of foetal
ages)."®%® A total of the 458 individual cardiac cells derived from micro-
dissected heart regions, i.e. OFT, atria, and ventricles, were segregated
into 10 clusters including a cono-ventricular region-specific heart progeni-
tor (CVP; Cluster #1) that appeared predominantly in OFT at the earlier
stage (4.5-5.5 weeks of foetal age), by a dimensionality reduction method
such as tSNE based on the differentially expressed genes’ profiles (Figure 1A
and B). We then focused on the CVP-specific genes and found that inter-
estingly STRA6 was differentially enriched in the CVP cluster, similarly to
other early cardiogenic and SHF/OFT progenitor markers, such as
ISL1,%6 BMP4,%” MEIS2,”® PDGFRA,*° and LGR5"® (Figure 1C and D). To as-
sess the significance of the co-expression of genes in all cells, we performed
Guilt-by-Association and correlation analysis' and identified that STRAG,
as well as RSPO3 (a ligand for a Wt signalling receptor LGR5), was highly
co-expressed in the LGR5" cells that emerged specifically in the
early-staged OFT,"® suggesting that STRA6 would play a role in OFT devel-
opment on human cardiogenesis (Figure 1E). To validate the findings of
single-cell RNA-seq data obtained from human embryonic hearts, we
also analysed the previously obtained single-cell RNA-seq dataset'® of in
vitro hESC-derived cells during CM differentiation (Days 3—15) based on
a well-established CM differentiation protocol with Wnt signalling modu-
lation.'®?> The 366 high-quality individual cells were segregated into 6 clus-
ters (see Supplementary material online, Figure S3A), in which we identified
that Cluster #2 was occupied by cells at Day 3 and expressed Mesp1 en-
tirely, thereby termed as ‘Mesp1” cardiac precursors’ (see Supplementary
material online, Figure S3B-D). Of interest, the majority of cells (=60%) in
Cluster #2 also expressed STRA6 (see Supplementary material online,
Figure S3C and D), which supports the notion that STRA6™ progenitors
would play a certain role in human cardiogenesis.

To further gain insights in regard to the STRAé gene’s role in mammalian
cardiogenesis, we next analysed single-cell RNA-seq data that were
uniquely obtained from embryonic hearts of the Mesp1™ lineage tracing
mice (Mesp1<"*; Rosa26'™") (see Supplementary material online,
Figure S1), harvested on E9.5, E10.5, and E14.5. A total of 2079 single car-
diac cells that passed the quality control tests were segregated into
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Figure 1 Single-cell RNA-seq analyses of human and murine embryonic hearts. (A) The tSNE analysis using the single-cell RNA-seq dataset, which was ob-
tained from human embryonic hearts (4.5-10 weeks of foetal ages),"® segregated 458 individual cardiac cells into 10 molecularly distinct clusters, including a
cono-ventricular region-specific heart progenitor (CVP; Cluster #1). (B) A heatmap image showing the representative differential expression genes in each of
the 10 clusters in (A). (C) Feature plots of the SHF/OFT marker (CVP-enriched) genes as well as the pan-cardiac/FHF/developing CM marker genes with STRA6
on the tSNE plots in (A). (D) Violin plots of the same genes as in (C), in the segregated 10 clusters of the human embryonic heart-derived single cells. (E) The top
25 genes correlated with the expression of the CVP-specific gene LGRS in single-cell RNA-seq data of human embryonic hearts. Corrected P-value for each
gene was calculated by Guilt-by-Association and correlation analysis.™ (F) The tSNE analysis segregated a total of 2079 single cardiac cells, obtained from
embryonic hearts (E9.5, E10.5, and E14.5) of the Mesp1® lineage tracing mice (Mesp1<®*; Rosa26'°™) into 16 clusters including FHF progenitors
(Cluster #1) and SHF progenitors (Cluster #2). (G) Feature plots of the SHF/pan-cardiac/FHF/developing CM marker genes with STRA6 on the tSNE plots
in (F). (H) Violin plots of the same genes as in (G), in the segregated 16 clusters of the murine embryonic heart-derived single cells.
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16 clusters, including first heart field (FHF; Cluster #1) and SHF (Cluster #2)
progenitors, by tSNE using the Seurat program®* (Figure 1F). A pan-cardiac
marker NKX2-5 was broadly expressed in early and late CM clusters
(Clusters #1-5 and #9-12, respectively) including the FHF and SHF, while
an FHF marker TBX5® and a developing ventricular CM marker IRX4*’
were enriched predominantly in the FHF (Cluster #1) and the early/late
ventricular CMs (Clusters #3, 5, 9, and 11), respectively (Figure 1G and
H). As expected, the SHF/OFT progenitor markers ISLT and BMP4 were en-
riched in the SHF (Cluster #2). Importantly, we found that as contrasted to
the expression patterns in human embryonic hearts, STRA6 was much less
frequently expressed in murine embryonic heart cells, irrespective of the
heart regions and stages (Figure 1G and H). We then analysed single-cell
RNA-seq data of the Mesp1” lineage cells obtained from murine whole em-
bryos (Mesp1<®*; Rosa26"7° ™) at the earlier stage (E8.25). A total of 768
single cells were segregated into 11 clusters, including heart cells (Cluster
#4) and other organ cells (see Supplementary material online, Figure S4A
and B). We observed that although STRAé was often expressed in cells of
somite/neural tube (Cluster #3), it was less frequently expressed in the
heart cells at this early stage again. STRAé was only expressed in cells that
were <5% of the FHF (NKX2-5") or the SHF (ISL1") cells, respectively
(see Supplementary material online, Figure S4Cand D). These results suggest
that the role of STRA6 in murine embryonic heart development would not
be as essential as that in human embryonic heart development.

3.2 Human STRA6" heart progenitors
differentiate into CMs and vascular SMCs in

vitro and in vivo

We subsequently investigated a sequential expression pattern of STRA6
protein in the in vitro hESC cardiogenesis. We observed that STRA6" cells
started to emerge at Days 2 and 3 in hESC-CM differentiation and peaked at
Day 6 when those cells occupied ~60% among the total cells in culture
(Figure 2A and B). These results in flow cytometry analysis were corrobo-
rated by a sequential expression pattern of STRA6 mRNA in cells during
CM differentiation, measured with quantitative PCR (Figure 2C). This ex-
pression pattern of STRA6 is quite similar to that of the SHF/OFT progeni-
tor marker ISL1, as shown below and in the previous study.16 In fact, the
majority of STRA6" cells were co-expressing ISL1 at Day 6 in CM differen-
tiation (Figure 2D). On Day 12 when STRA6 expression was already peaked
out but a CM marker TNNT2 expression reached its peak, more than half
of STRA6" cells were also co-expressing TNNT?2 (Figure 2D). On the other
hand, during mesodermal SMC differentiation, the majority of STRA6" cells
were also co-expressing an SMC marker PDGFRB at Day 6 (Figure 2E; also
see below). To explore the multipotency for STRA6" cells to differentiate
into the three major cardiac cell lineages such as CMs, SMCs, and ECs,
we performed a clonal assay using live STRA6" cells that were harvested
with FACS at Day 3 in hESC-CM differentiation and cultured under the
three different culture conditions, customized for CM, SMC, and EC differ-
entiation.'®*® We found that the STRA6" single cell-derived clones could
differentiate easily into CMs and SMCs (Figure 2F), but could not differenti-
ate into ECs. In contrast, STRA6-negative cell-derived clones could differen-
tiate into ECs (Figure 2G), as well as CMs and SMCs. This suggests that
STRA6" cells would have dual potency to differentiate into the CM and
SMC lineages but not an EC lineage in in vitro cardiogenesis. To corroborate
the invitro findings, we then employed immunostaining of human embryonic
sectioned hearts (Figure 2H). We observed that STRA6" cells appeared pre-
dominantly in the OFT region of the early-staged heart (5.5 weeks of foetal
age), often co-localizing with an SHF/OFT progenitor marker ISL1 and/or a
CM marker TNNT?2 (Figure 2H, middle and right). Of particular interest,
some of ISL1"TNNT27STRA6" cells in OFT were shown to construct a
vascular structure in this region (Figure 2H, arrowheads in middle). In fact,
these ISL1"TNNT2 STRA6" cells co-expressed an SMC marker SM22
and were thereby considered as vascular SMCs (Figure 2[). This may reflect
the myocardial-to-arterial phenotypic change associated with the OFT de-
velopment, i.e. progression of OFT septation and remodelling to form early
aorta and pulmonary artery, as indicated in the previous reports.3>*3

3.3 STRAG6 deletion in hESCs attenuates
induction of vascular SMCs, but not of CMs,

in the in vitro differentiation

Next, to test the essential role of STRA6 in human cardiogenesis and vas-
culogenesis, we generated STRA6-knockout (STRA6-KO) hESC lines for
the loss-of-function experiments. Through CRISPR-Cas9 technology,'®
we established the STRA6-KO hESC clone, which had frameshift mutations
in the second exon of the STRA6 gene in both alleles (see Supplementary
material online, Figure S2). Little or no expression of STRA6 protein in
the STRA6-KO hESC-derived cells on Day 6 in CM differentiation was con-
firmed by flow cytometry (Figure 3A and B) and western blotting analyses
(Figure 3C). We also validated a normal karyotype for both the WT and
STRA6-KO hESC lines used for further differentiation experiments (see
Supplementary material online, Figure S5A). In addition, no mutations on
putative off-target sites that had the highest similarity with three base
pair mismatches to the target sequence of the sgRNA were observed in
the STRA6-KO hESCs (see Supplementary material online, Figure S5B).
We then employed the STRA6-KO hESC clone into the same CM differen-
tiation protocol,'”? to detect any cardiogenic phenotype in regard to
STRA6 deletion. For this, we measured the ratios of cells that were positive
for a cell proliferation marker Ki67, an SHF/heart progenitor marker ISL1,
and a differentiated CM marker TNNT2 on Days 6 and 12 in CM differen-
tiation by flow cytometry analysis (Figure 3D and E). In this protocol, while
ISL1 expression peaks on Day 6, occupying around 90% of the total cells in
culture, TNNT?2 expression reached around 80% of the total cells on Day
12. Contrary to our expectation, %ISL1" and % TNNT2" on Days 6 and 12
did not change between WT and STRA6-KO hESC-derived cells, although
STRA6-KO cells showed a bit lower %Ki67" than WT cells on Day 6 (but
not statistically significant) (Figure 3D—F). Likewise, the numbers of gener-
ated beating CMs (TNNT2") derived from WT or STRA6-KO hESCs
were comparable (data not shown).

On the other hand, we also tested WT and STRA6-KO hESCs for evalu-
ating their capabilities to differentiate into vascular SMCs, using the previ-
ously established protocols for SMC differentiation.’*?" In line with the
previous reports, the mesodermal lineage-derived or the NCC linage-
derived vascular SMCs (PDGFRB*SM22") from WT hESCs are obtained
at Day 6 in mesodermal SMC or at Day 14 in NCC-SMC differentiation,
respectively, occupying >80% of the total cultured cells in both differenti-
ation (Figure 3G and H). Of particular interest, STRA6-KO hESC-derived
cells exhibited lower efficacies for induction of both the mesodermal
and NCC lineage-derived SMCs [mesodermal lineage-SMCs (Day 6):
WT, 87.7 £ 5.7% vs. KO_clone, 47.7 +10.6%, P < 0.01 (Figure 3G); NCC
lineage-SMCs (Day 14): WT 81.8 +4.8% vs. KO_clone, 31.1+4.9%, P<
0.001 (Figure 3H)]. Interestingly, treatment with RA (0.5 puM) in
STRA6-KO cells during Days 1-6 in mesodermal SMC and Days 6-10 in
NCC-SMC differentiation partially rescued for induction of both SMCs, re-
spectively (Figure 3G and H). These results suggest that STRAé would be es-
sential for induction of both the mesodermal and NCC-derived vascular
SMCs from hESCs in vitro.

3.4 Population RNA-seq analysis
demonstrates that STRA6 deletion leads to
the down-regulation of vascular smooth
muscle cell-related genes’ expression in

cardiac differentiating cells

To clarify molecular signatures in human STRA6-mediated cardiac
development, we analysed population RNA-seq data obtained from both
WT and STRA6-KO hESC-derived cells on Days 3, 6, and 12 in CM differ-
entiation. PCA and differential gene expression analysis clearly segregated
the two cell lines in a stage-dependent manner (Figure 4A and B). We then
compared directly the transcriptomes of the two cell lines on the same dif-
ferentiation day with the limma package®* in R/Bioconductor and the GSEA
on the GSEA software (Broad Institute; http:/www.gsea-msigdb.org/gsea/)
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Figure 2 Human STRA6" heart progenitors in in vitro and in vivo cardiogenesis. (A) Flow cytometry analysis showing the time course of STRA6 protein ex-
pression levels in in vitro hESC-derived cells during CM differentiation. SSC, side scatter. (B) Statistical analysis of the %STRA6" population on FACS in (A). (C)
Quantitative PCR results of STRA6 mRNA expression in hESC-derived cells during CM differentiation. (D) Flow cytometry analysis for detection of ISL1" and/or
STRAG6" cells at Day 6 (left) and of TNNT2" and/or STRA6™ cells at Day 12 (right) in CM differentiation. (E) Flow cytometry analysis for detection of PDGFRB*
and/or STRA6" cells at Day 6 in mesodermal SMC differentiation. (F) Differentiated CMs (left) and SMCs (right) derived from the STRA6" progenitor clones that
were initially harvested on Day 3 in hESC-CM differentiation in the clonal assay. (G) Differentiated ECs derived from the STRA6™ cell-derived clone initially
harvested on Day 3 in the clonal assay. (H) Immunohistochemistry of the sectioned human embryonic heart at 5.5 weeks of foetal age. The middle images
are the enlarged ones of a yellow square in the left image. The right image is the enlarged one of a yellow square in the middle image. Coronal view. The white
dotted lines (left and middle) indicate the OFT structure. Arrowheads (middle) point to the ISL1"TNNT2 STRA6 " vascular structure, indicating dividing OFT. In
contrast, a number of STRA6" cells co-expressing ISL1 and/or TNNT?2 are also seen in the OFT region (right). LA, left atria; LV, left ventricle; OFT, outflow tract;
RA, right atria; RV, right ventricle. (/) The ISL1"TNNT2 STRA6" cells in the vascular structure in OFT in (H) co-expressed an SMC marker SM22.

(Figure 4C—H). On Day 3, the genes up-regulated in WT cells compared
with STRA6-KO cells were enriched for gene ontology (GO) terms such
as ‘mesenchyme development’, ‘mesenchymal cell differentiation’, ‘pattern
specification process’, and ‘embryonic organ development’, which con-
tained genes such as FOXD1, TBXT, SEMA3D, GBX2, TBX1, ZIC1, etc. In
contrast, the genes up-regulated in STRA6-KO cells compared with WT
cells on Day 3 were enriched for GO terms such as ‘pyruvate metabolic
process’, ‘apoptotic process’, and ‘neurogenesis’, which contained genes
such as ENOT, ARNT, LHX1, MYC, NGFR, etc. (Figure 4C and D and
Supplementary material online, Table S3). These findings suggest that
STRA6 would be critical for mesenchyme formation and remodelling at
the early stage of embryogenesis, and that STRA6 deletion might shift the
hESC-derived differentiating cell trajectories towards the ectoderm
lineages (e.g. neurons) from the originally destined mesoderm lineages, at
least in part. This tendency can also be observed in the comparison of

the two transcriptome datasets on Day 6 (Figure 4E and F). Further, on Day
6, RA signalling targets such as homeobox-containing Hox genes HOXAT,
HOXB2, and HOXB3,* as well as ALDH1A2, a key enzyme for the synthesis
of endogenous RA* reached peak expression and were significantly down-
regulated in STRA6-KO cells compared with WT cells, respectively, likely re-
flecting the impacts of deletion of the upstream gene STRAé (Figure 4E and F
and Supplementary material online, Table S3). Importantly, on Day 12 when
marker genes of differentiated cardiac cells such as CMs, SMCs, and ECs
reached peak expression, the genes up-regulated in WT cells compared with
STRA6-KO cells were enriched for GO terms such as ‘striated muscle contrac-
tion pathway’, ‘muscle contraction’, and ‘muscle system process’, which con-
tained genes such as CALM1, ACTA1, MYL3, ACTA2, CNN1, MYL9, etc.
(Figure 4G and H and Supplementary material online, Table S3).

We then compared population RNA-seq data between WT cells on
Day 12 in CM differentiation (around 80% TNNT2") and the previously
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Figure 3 Impacts of STRA6 deletion in the in vitro hESC differentiation into CMs and SMCs. (A and B) Flow cytometry analysis showing the ratios of wild-type
(WT) and STRA6-KO hESC-derived STRA6" cells at Day 6 in CM differentiation. SSC, side scatter. **P < 0.01. (C) Western blotting analysis for expression of
STRAG protein with B-actin protein (a loading control) in WT and STRA6-KO cells at Days 3 and 6 in hESC-CM differentiation. (D and E) Representative images
on flow cytometry analysis showing the ratios of a cell proliferation marker Kié7" (left), an SHF/heart progenitor marker ISL1" (middle), and a differentiated CM
marker TNNT2" (right) in WT (top) and STRA6-KO (bottom) cells at Days 6 (D) and 12 (E) in hRESC-CM differentiation. (F) Statistical data of the ratios of %Ki67"
(left), %ISL1* (middle), and STNNT2" (right) in (D) and (E). #P = not significant. (G) Flow cytometry analysis and statistical data showing the ratios of vascular
SMCs (PDGFRB*SM22%) at Day 6 in mesodermal SMC (mSMC) differentiation of WT and STRA6-KO hESCs with or without treatment with retinoic acid (RA,
0.5 uM) during Days 1-6. *P < 0.05 and **P < 0.01. (H) Flow cytometry analysis and statistical data showing the ratios of vascular SMCs (PDGFRB*SM22") at
Day 14 in NCC-derived SMC differentiation of WT and STRA6-KO hESCs with or without treatment with RA (0.5 pM) during Days 6—10. **P < 0.01 and
*#*P < 0.001. Differences between groups were examined with one-way ANOVA followed by Tukey—Kramer post hoc test.
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Figure 4 Population RNA-seq analysis showcases clearly differential molecular signatures between WT and STRA6-KO cells during CM differentiation. (A)
The principal component analysis and the biplot using the 18 population RNA-seq data of WT and STRA6-KO cells harvested at Days 3, 6, and 12 in hESC-CM
differentiation (3 biological replicates). (B) Differential gene expression analysis of the six cell groups, i.e. WT and STRA6-KO hESC-derived cells at Days 3, 6, and
12 in CM differentiation. A heatmap showing the representative differential expression genes in each of the six groups. (C, E, and G) Volcano plots visualizing
differential gene expression analysis with the limma package®* between WT and STRA6-KO hESC-derived cells at Days 3 (C), 6 (E), and 12 (G) in CM differ-
entiation, respectively. For each gene, the average difference [log,(Fold change)] between the cell groups on the same day was plotted against the power to
discriminate between groups [—logqo(P-value)]. Top-scoring genes for both metrics are indicated as red dots, and representative differential expression genes’
names are labelled. (D, F, and H) The gene set enrichment analysis (GSEA) was performed using the top 250 WT or STRA6-KO cell-enriched genes with the
GSEA software (Broad Institute; http:/www.gsea-msigdb.org/gsea/). Bar graphs showing the representative gene ontology (GO) terms specific to WT (top) or
STRA6-KO cells (bottom) at Days 3 (D), 6 (F), and 12 (H), respectively.

obtained ISL1"TNNT2" cells (i.e. differentiated CMs) purified by FACS on
Day 10 in CM differentiation,’® and found that expression levels of many of
representative CM markers were quite comparable between the two po-
pulations (see Supplementary material online, Figure S6), indicating the WT
cells on Day 12 in the CM differentiation protocol would nearly represent
differentiated CMs, although containing minor other cell populations.

Between the WT and STRA6-KO cells, of interest, while there were no dif-
ferences in expression levels of the CM marker genes such as NKX2-5,
TNNT2, MYH6, and PLN, the SMC marker genes such as ACTAT, ACTA2,
TAGLN, MYH11, and CNNT were significantly down-regulated in
STRA6-KO cells compared with WT cells on Day 12 (Figure 5A and B).
About other CM-related genes, however, several cardiac maturation
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marker genes (e.g. CACNATC, MYL2, NPPB, IRX5, etc.) and several atrial CM
marker genes (e.g. KCNAS, ALDH1A2, DHRS9, PITX2, etc.) were down-
regulated in STRA6-KO cells than WT cells on Day 6 or 12 in CM differen-
tiation (see Supplementary material online, Figure S7A and B), indicating
partial impairment in both CM maturation and atrial CM induction in the
STRA6-KO line. As contrasted to the down-regulation in the SMC marker
genes, the EC marker genes such as CDH5, ENG, HHEX, and ANGPT1 were
up-regulated in STRA6-KO cells on Day 12 (Figure 5C). These results sug-
gest that STRA6 would be essential for induction of vascular SMCs from
hESCs in vitro and that STRA6 deletion might shift the hESC-derived differ-
entiating cell trajectories towards the EC lineage from the originally des-
tined SMC lineage at the late stage in part.

Next, we observed that through Days 3—12, an SHF/OFT-specific TF TBX1
and its downstream target TF GBX23’ were significantly down-regulated in
STRA6-KO cells compared with WT cells (Figure 5D). Among other SHF mark-
er genes, LGR5 (Day 3), PDGFRA (Day 6), and MEIS2 (Day 6) were also down-
regulated in STRA6-KO cells, whereas there were no significant differences in
ISLT and BMP4 expression between the STRA6-KO and WT cells (see
Supplementary material online, Figure S7C). We did not see any differences
in expression levels of a critical myogenic TF MYOD1 or MYOCD?® between
the two cell lines (data not shown). Instead, of interest, a cardiac NCC migra-
tion TF ZIC1*° on Day 3, an epithelial-to-mesenchymal transformation
(EMT)-promoting TF SNAI2* on Day 6, and a mesenchymal differentiation-
promoting TF OSR1* on Day 12, as well as an SMC marker ACTA2 on Day
12, were significantly down-regulated in STRA6-KO cells, while a myogenic
differentiation-inhibiting TF TWIST1*? were up-regulated in STRA6-KO cells
on Day 3 (Figure 5E).

Finally, to further gain insights in regard to the impacts of STRA6 deletion
in cardiovascular differentiation, we analysed expression levels of the SMC
differentiation-related genes in WT and STRA6-KO cells at Days 4 and 6 in
mesodermal SMC differentiation and at Days 6 and 14 in NCC-derived
SMC differentiation with quantitative PCR analysis. Interestingly, SMC dif-
ferentiation drivers MYOD1 and MYOCD, as well as other SMC markers,
were down-regulated in STRA6-KO cells during both mesodermal SMC
(Day 6) and NCC-derived SMC differentiation (Day 14) (Figure 5F and G).
As seen in the RNA-seq results during CM differentiation, TBX1/GBX2
and several mesenchyme differentiation drivers (e.g. ZIC1, SNAI2, OSR1,
and SNAIT) were down-regulated in STRA6-KO cells, while myogenic
differentiation-inhibiting TFs (e.g. TWIST1 and TWIST2) were up-regulated
in STRA6-KO cells in both mesodermal and NCC-derived SMC differenti-
ation. In contrast with the SMC differentiation drivers and markers, the
EC differentiation drivers and markers (e.g. SOX17, SOX7, and PECAMT)
were up-regulated in STRA6-KO cells in both mesodermal and
NCC-derived SMC differentiation, which further corroborates the
RNA-seq results obtained during CM differentiation. In addition, during
NCC-SMC differentiation, NCC and somite markers (e.g. SOX9,
SOX10," and MEOX1*") were down-regulated in STRA6-KO cells on
Day 6, while neuroectoderm markers (e.g. MSX1 and /VISX245) were up-
regulated in STRA6-KO cells on Day 14, suggesting partial impairment in
proper induction of NCCs in the early stage and a cell-fate shift from the
SMC to the neuroectoderm lineages in the late stage due to STRA6 deletion,
which may explain lesser induction of SMCs in the NCC-derived SMC dif-
ferentiation protocol (Figure 3H).

3.5 TBX1 is a novel target of
STRA6-mediated RA signalling

To further elucidate molecular machinery in human STRA6-mediated car-
diac development, we explored a previously unrecognized transcription
network behind STRA6 and RA signalling pathway. We focused on an
SHF/OFT-specific cardiogenic TF TBX1,%* as TBX1 was significantly up-
regulated in WT cells compared with STRA6-KO cells throughout culture
periods (notably, on Days 3 and 6 in CM differentiation) (Figures 4C, E,
and 5D), implying that TBX1 may function downstream of STRA6 in the in
vitro cardiac differentiation. Intracellular RA synthesized from retinaldehyde
by a key enzyme Aldh1a2 binds to RA nuclear receptors RAR/RXR, which
bind to the RARE composed of tandem 5'-AGGTCA-3' sites with a

coactivator complex, and promotes transcription of the RA signalling target
genes.>® Through the TF motif analysis with the Jaspar database (http:/
jaspar.genereg.net/) and the Matlnspector software (Genomatix, http:/
www.genomatix.de/), we found the novel RARE sites, which are 4496—
4472 bp and 1884-1873 bp upstream of the TSS of the human TBX1
gene on the TBX1 promoter region (Figure 6A). Then, ChlP assays with anti-
bodies specific to RARa and RXRa were performed using extracts derived
from WT hESC-derived cells on Days 3 and 6 in CM differentiation. We first
confirmed successful and specific protein immunoprecipitation by
anti-RARa and anti-RXRa antibodies by western blotting analysis (see
Supplementary material online, Figure S8A). We subsequently revealed
that recruitment of RARa/RXRa complexes onto one of the novel RARE
sites on the TBX1 promoter (—1884-1873 bp) was augmented on Days
3 and 6 (notably on Day 3) (Figure 6B). The ChlIP assays were then per-
formed using extracts derived from STRA6-KO hESC-derived cells, which
expressed RARa and RXRa proteins equally to WT hESC-derived cells dur-
ing CM differentiation (see Supplementary material online, Figure S8B). We
found that RARa/RXRa complexes were recruited to the same RARE site
(—1884-1873 bp) on Days 3 and 6 but to a much lesser degree than in WT
cells, suggesting less amount and function of intranuclear RA due to the
STRAé6 deletion (Figure 6C). To validate specific binding of RARa protein
to the identified RARE site, we also performed the ChlP assays using only
the anti-RARa antibody and extracts from WT cells, and similarly, showed
recruitment of RARa onto the RARE site on the TBX1 promoter (—1884—
1873 bp) (Figure 6D). Consistent with the findings in the ChIP assays, the
Guild-by-Association and correlation analysis using the human embryonic
heart single-cell RNA-seq data (Figure 1A) revealed that TBX1 expression
was highly positively co-related to STRAé expression (corrected P-value:
1.62E—14), as shown in the feature plots on the tSNE plots for TBX1 as
well as other RA signalling genes (see Supplementary material online,
Figure S9). These indicate that the STRA6-mediated RA signalling pathway
might enhance TBX1 expression in the early stage of cardiogenesis. Of inter-
est, this RARE site (—1884—1873 bp) can be seen on the human genome se-
quence, but not on the murine genome sequence, indicating evolutionary
divergences among these species.

To further clarify expression levels of TBX1 in CM differentiation, we per-
formed western blotting analysis of TBX1 protein using WT and STRA6-KO
hESC-derived cells. TBX1 protein was strongly expressed in WT cells on
Days 3 and 6 to a higher degree than on Day O (Figure 6E and F). Consistent
with the RNA-seq results, STRA6-KO cells showed lower expression of
TBX1 protein than WT cells (Figure 6G and H). Interestingly, when we treated
cells with RA (0.5 pM; Days 3—7), TBX1 expression was significantly increased
at Days 4 and 6 in both WT and STRA6-KO cells (Figure 6G and H). These find-
ings support the notion that TBX1 would act downstream to
STRA6-mediated RA signalling in human cardiogenesis. Next, when the iden-
tified RARE site (—1884-1873 bp) was deleted by two sgRNAs and
CRISPR-Cas9 technology (Section 2) (see Supplementary material online,
Figure $10), TBX1 expression was not anymore enhanced with RA treatment
(0.5 puM; Days 3—7) (Figure 6l and J), suggesting that RARa/RXRa complexes
and the identified RARE site would function to enhance TBX1 expression
in an additive or synergistic manner during cardiac differentiation.

Collectively, we newly identified the previously unrecognized gene regu-
latory network, involving an interaction between RARo/RXRa complexes
and TBX1, which would play an indispensable role in human
STRA6-mediated cardiogenesis and vasculogenesis.

4. Discussion

Human CHDs affect 1/100 live births and cause more deaths in the first
year of life than any other birth defects, and cardiac OFT defects are the
most common CHD with a prevalence of 30%.° A diverse set of heart pro-
genitors such as SHF progenitors and cardiac NCCs and their paracrine
molecular cues drive cardiac OFT formation including septation and re-
modelling.”* The RA signalling plays a critical role in OFT development,
and dysregulation of this signalling pathway is responsible for various types
of OFT defects.>® Inactivating mutations in STRA6, a transmembrane
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Figure 5 STRA6 deletion down-regulates expression of vascular SMC-related genes and mesenchyme differentiation drivers in cells during CM and SMC
differentiation. (A—C) Comparisons of the CM (A), SMC (B), and EC (C) marker genes’ expression between WT and STRA6-KO cells at Days 3, 6, and 12 in
hESC-CM differentiation. *P < 0.05. (D) Comparisons of the TBX1 and GBX2 genes’ expression between WT and STRA6-KO cells at Days 3, 6, and 12 in
hESC-CM differentiation. *P < 0.05. (E) Comparisons of gene expression of ZIC1 (Day 3), SNAI2 (Day 6), OSR1 (Day 12), ACTA2 (Day 12), and TWIST1
(Day 3) between WT and STRA6-KO cells in CM differentiation. *P < 0.05. Differences between groups were examined with Student’s t-test. (F and G)
Quantitative PCR-based gene expression heatmap of the representative SMC differentiation-related genes between WT and STRA6-KO cells at Days 4
and 6 in mesodermal SMC differentiation (left) and at Days 6 and 14 in NCC-SMC differentiation (right).

receptor regulating vitamin A and RA metabolism can cause
Matthew-Wood (also termed PDAC) syndrome, characterized by
micro-/anophthalmia, pulmonary hypoplasia, diaphragmatic hernia, and
cardiac malformation. The patients with Matthew-VWood syndrome, how-
ever, show heterogeneous phenotypes, ranging from isolated micro-/an-
ophthalmia [100% of STRA6 mutation-confirmed/inferred cases (40/40)
showed ocular malformations] to complex presentations involving other
malformations in cardiac (53.5%), pulmonary (44.2%), diaphragmatic
(25.6%), and renal (20.9%) systems.”® Although the Human Gene
Mutation Database listed more than 27 unique STRAé mutations, repre-
sented by either missense or frameshift changes,*® the previous analysis
has failed to demonstrate a clear correlation between genotype and
phenotype,? indicating the variable spectrum of malformations and pene-
trance in this syndrome, likely affected by not only genetic but also envir-
onmental perturbations. The cardiac defects in Matthew-VWood syndrome

involve OFT and pharyngeal arch arteries (PAAs) malformations, with vary-
ing levels of their severity.2~"° In contrast, Straé knockout mice did not have
overt cardiac malformations themselves, although the ocular phenotypes
were recapitulated in the murine models.""™"* Consequently, the detailed
mechanisms of how the STRA6 mutations could lead to variable and
species-specific phenotypes and cause cardiac malformations such as
OFT defects in humans still remained unclear.

Through the cross-species comparison analysis of single-cell RNA-seq
datasets derived from human and murine embryonic hearts uniquely ob-
tained, here we show a clear difference in STRA6" cells’ appearance and
localization between human and murine embryonic hearts (Figure 1), likely
explaining the observed phenotypic differences between Straé knockout
mice and human foetus/children with Matthew-Wood syndrome. We
found that STRA6" progenitors appeared specifically in the early-staged
OFT region of human embryonic hearts (Figures 1 and 2), suggesting a



1214 C. Zhou et dl.

Human TBX1 promotor region 100
= D36
=
g 5 D3_RARG/RXRc:
RAR/RXR RARJR 55 E
473 (1678) {+1) T b & #i = D6_lsG
" AT, (12942} =
= | D6_RARG/RXR
Ch22 | | = B D6 _RARay
Exon 1 Exon2 7 #
0 PRI wad | e s =hm
Negative control region  TBX1 promoter region 1 TBX1 promater region 2
without RARES (~1,884-1,873 bp) (-4,496-4,472 bp)
B - D w
acor| 300
B o 5 D3is £ B 036
£ D3_RARG/RXRat £ 200 D3_RARu
< . £
§ 200 b = D6ge E * = D6Ig6
o = ) LI ¢ -
L = Db6_RARct/RXRa a 100 = D6 RARu
S °
£ : £
[} I — - i — e 0 T — . P —
Negative control region  TBX1 promater region 1 TBX1 promoter region 2 Negative control region  TBX1 promoter region 1 TBX1 promoter region 2
without RARES (~1,884-1,873 bp) (~4,496-4,472 bp) without RARES (~1,884-1,873 bp) {~4,496-4,472 bp)
E F .
*
Day 0 Day 3 Day 6 Day 12 { ;
31 1:
. 3
L — g
(50kDa) T— W w— e 21
E
o =
= = ¢
£

GAPDH
i ——————e e ————

Day 0 Day 3 Day 6 Day 12

G H e 2k
gy © pes°
Day 4 Day 6 1 12
wT KO wT KO 2
*% i B WInT
+RA +RA +RA +RA g - . .
o 3 2 ; _
TBX1 —-— q - = el — ‘ g 3 " k. -
(50kDa) s X - = | A + KO_NT
3 2 | = Ko_Rra
D ——— ——————— - g |
(37kDa) 1 "
0 = = L T
Day 0 Day 4 Day 6
| J . .
Day 4 Day 6 ‘ ! —
WT Mt wWT Mt B winT
4 #
+RA +RA +RA +RA - = " i
2 s & i E e al = KONT
(Eli)éll II e —— Y e E 5 b :+ I - = xo_RA
al ° e
&
GAPDH NN J
) — ————— o N | i
Day 0 Day 4 Day 6

Figure 6 ChlP assays highlight the human-specific binding site of RARa/RXRa complexes on the TBX1 promoter region. (A) Schema showing novel (human-
specific) and putative RAR/RXR binding sites (i.e. RARE) on the human TBX1 promoter region. (B) The ChIP assays demonstrated that recruitment of RARo/
RXRa complexes onto one of the novel RARE sites of the human TBX1 promoter (—1884—1873 bp) was augmented at Days 3 (D3) and 6 (D6) in CM dif-
ferentiation of WT hESCs. #P < 0.01 and **P < 0.0001 vs. IgG (negative control). (C) The ChlIP assays using STRA6-KO cells demonstrated that RARa/RXRa
complexes were also recruited onto the identified RARE site of the human TBX1 promoter (—1884—1873 bp) at Days 3 and 6 in CM differentiation but to a
much lesser degree compared with that in WT cells in (B). P < 0.01 vs. IgG and vs. D6_RARa/RXRa.in WT (B). *#P < 0.001 vs. IgG and vs. D3_RARa/RXRa.in
WT (B). (D) The ChIP assays using only the anti-RARa antibody demonstrated that recruitment of RARa onto the identified RARE site of the human TBX1
promoter (—1884-1873 bp) was augmented at Days 3 and 6 in CM differentiation of WT hESCs again. *P < 0.01 and #*P < 0.0001 vs. IgG. (E) Western blotting
analysis for expression of TBX1 protein with GAPDH protein (a loading control) in WT cells at Days 0, 3, 6, and 12 in hESC-CM differentiation. (F) Quantitative
results in (E). %P < 0.01 vs. Day 0. (G) Comparison of expression of TBX1 protein between WT and STRA6-KO cells at Days 4 and 6 in hESC-CM differentiation
with or without treatment with retinoic acid (RA, 0.5 uM) during Days 3—7. GAPDH was used as a loading control. (H) Quantitative results in (G). NT, normal
treatment (without adding RA). *P < 0.01 between the NT-administered and RA-co-administered WT cells at Days 4 and 6, respectively. **P < 0.05 between
the NT-administered and RA-co-administered STRA6-KO cells at Days 4 and 6, respectively. ¥¥*%P < 0.01 between WT and STRA6-KO cells under the same
treatment conditions at Days 4 and 6, respectively. (I) Comparison of expression of TBX1 protein between WT and TBX1 promoter-mutant (Mt) cells at Days
4 and 6 in hESC-CM differentiation with or without treatment with RA (0.5 uM) during Days 3—7. GAPDH was used as a loading control. (/) Quantitative
results in (/). *P <0.01 between the NT-administered and RA-co-administered WT cells at Days 4 and 6, respectively. *P=not significant between the
NT-administered and RA-co-administered TBX1 promoter-mutant cells at Days 4 and 6, respectively. Differences between groups were examined with one-
way ANOVA followed by Tukey—Kramer post hoc test.
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potential role of STRA6 for OFT development in humans. Then our inter-
ests were to evaluate whether STRAé mutation could potentially affect car-
diomyogenesis and/or vasculogenesis (i.e. induction of CMs and/or vascular
SMCs) using the established protocols for in vitro CM and SMC differenti-
ation."®" Our data revealed that while STRAé deletion did not alter the
efficacy of in vitro hESC-CM differentiation, albeit being accompanied
with partial impairment in both CM maturation and atrial CM induction,
it attenuated significantly the efficacies of both in vitro mesodermal and
NCC lineage-derived vascular SMC differentiation (notably, the induction
of NCC-SMCs was affected) (Figure 3). These findings are supported by
the transcriptomics data from population RNA-seq and quantitative PCR
analyses of STRA6-KO hESC-derived cardiac differentiating cells, which re-
vealed that STRA6 deletion impaired both mesenchyme formation and
mesenchymal cell differentiation at the early stage and muscle system pro-
cess and contraction at the late stage, accompanied with down-regulation
of expression of the SMC differentiation-related genes (Figures 4 and 5).
The RA signalling is known to mediate the patterning of SHF progenitors
and cardiac NCCs, both of which are essential for the normal development
of the OFT and PAAs.*"**® Increased or decreased RA signalling in mice
leads to conotruncal malformations, such as OFT septation defects, and
PAA anomalies, such as the interrupted aortic arch (IAA).*? In fact, a major
embryonic RA-producing enzyme Aldh1a2-knockout mice cause abnormal
patterning of the SHF progenitors and cardiac NCCs and thereby exhibit
the OFT and PAA defects, leading to perinatal deaths.**®*° Cardiac OFT
is a transient conduit during embryogenesis and is encased by a myocardial
wall at the earlier stage of development.>® The OFT cushion cells are then
populated by SHF-derived and NCC-derived mesenchymal cells that mi-
grate from the pharyngeal mesoderm and dorsal neural tube at around
E9.5-E10.5 in mice and subsequently differentiate into vascular SMCs,
which form the septum dividing the aorta and the pulmonary artery.>">?
As this septation and remodelling in OFT is progressed, the myocardial
wall of OFT is morphologically changed and starts to show arterial pheno-
type, which is represented by the expanded SMC layer in the wall.>"* Thus,
these mesenchymal-to-SMC transitions and myocardial-to-arterial pheno-
typic change,** as well as endocardial EMT?" play critical roles in OFT sept-
ation and remodelling. To dissect the molecular pathways disrupted
following STRAé ablation, we performed the transcriptomics analyses
(population RNA-seq and RT—qPCR) using STRA6-KO and WT
hESC-derived cells in CM and SMC differentiation, and found significant
down-regulation of expression of an important SHF/OFT cardiogenic TF
TBX1 and its downstream target gene GBX2>” in STRA6-KO cells
(Figure 5D, F, and G). TBX1 is considered as the most causative candidate
gene in human 22q11.2 deletion syndrome (DiGeorge syndrome), as
Tbx1-KO mice show embryonic or perinatal lethality due to similar pheno-
types to those of human 22q11.2, involving OFT and PAA defects such as
ToF, PTA, and IAA.*? Murine Gbx2-KO embryos have also been shown
to develop abnormal PAA derivatives, having malformations such as IAA
type-B and VSD.>* Of interest, dual haploinsufficiency of Thx1 and Gbx2
in mice caused cardiac NCC migration defects, leading to PAA abnormal-
ities,>* supporting an indispensable role of the Tbx1-Gbx2 signal network
in the regulation of cardiac NCCs and PAA/OFT development. Although
we identified the recruitment of RA nuclear receptors RARa/RXRa com-
plexes onto a novel and human-specific RARE site on the TBX1 promoter
region, likely regulating TBX1 expression positively in part (Figure 6), previ-
ous reports have rather indicated a mutual inhibition of RA signalling and
Tbx1 expression on murine embryogenesis.>> For instance, Tbx1 expres-
sion in the OFT and PAAs was increased in Aldh1a2*'~ embryos or in pha-
ryngeal arch tissues treated with a pharmacological RA inhibitor, while Tbx1
expression was repressed by RA treatments.”® Reversely, in Tbx1 mutant
embryos, Aldh1a2 expression in the anterior SHF was increased and ex-
panded cranially.57 The possible reason(s) explaining this discrepancy
over the positive or negative correlation between RA signalling and Tbx1
may include the species differences and evolutionary divergences between
mice and humans; and a putative differential role of STRA6 compared with
other RA signalling modifiers (e.g. Aldh1a2) in the RA signalling pathway
during embryogenesis. Nevertheless, in addition to TBX1 and GBX2, we fur-
ther found significant down-regulation of expression of a cardiac NCC

migration TF ZIC1,3° an EMT-promoting TF SNAI2,*° and a proper mesen-
chymal differentiation-promoting TF OSR1,*' and reversely, significant up-
regulation of expression of a myogenic differentiation-inhibiting TF
TWIST1* in STRA6-KO cells compared with WT cells (Figure 5E-G). Of
interest, during NCC-SMC differentiation, not only SMC differentiation dri-
vers (e.g. MYOD1 and MYOCD) and SMC markers (e.g. ACTAT, TAGLN, and
MYH9) but also NCC and somite markers (e.g. SOX9, SOX10,* and
MEOX1*) were down-regulated in STRA6-KO cells compared with WT
cells (Figure 5G), suggesting partial impairment in proper induction of
NCCs and somite formation, which may explain lesser induction of SMCs
during NCC-SMC differentiation (Figure 3H). Consistent with this, a recent
study revealed that a somite-expressing TF MEOXT is a positive regulator of
SMC differentiation and critical for proper vasculogenesis and angiogenesis
during mammalian embryogenesis.”® Collectively, dynamic transcriptomics
changes in one or some combination of these transcriptional mediators due
to STRA6 mutations may cause and define the variable cardiovascular phe-
notypes, observed in patients with Matthew-Wood syndrome.

One limitation in the current study is that the generated STRA6-KO
hESCs did not have the completely same mutations seen in patients with
Matthew-Wood syndrome and thereby, might not precisely mimic the
phenotypes of this syndrome, although the previous genetics studies
have failed to identify pathogenic mutations nor to demonstrate a clear
correlation between genotype and phenotype in Matthew-Wood syn-
drome.®'° Future work is warranted to elucidate more comprehensively
the human-specific cellular, molecular, and epigenetic mechanisms, by
which STARé mutations could perturb developing hearts and cause cardiac
OFT/PAA defects.

In conclusion, our study highlights the critical role of human-specific
STRAG progenitors for proper induction of vascular SMCs that is essential
for normal OFT formation. These results not only give us novel insights on
understanding mammalian cardiogenesis but also shed light on previously
unappreciated and human-specific CHD programs, driven by STRA6 muta-
tions. Thus, our study paves the way for further studies of deciphering the
origins and the disease mechanisms of a rare genetic disorder
Matthew-Wood syndrome, which would help us develop diagnosis, pre-
vention, and novel treatment for the disease in the future.
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Translational perspective

Dysregulation of the RA signalling can cause cardiac outflow tract (OFT) defects; however, the detailed mechanisms by which STRA6 mutations lead to
cardiac malformations have remained unclear. Our study highlights the critical role of human-specific STRA6 progenitors for proper induction of vas-
cular smooth muscle cells that is essential for normal OFT formation. These results shed light on novel and human-specific congenital heart disease
programs, driven by STRA6 mutations. Thus, our study paves the way for further studies of deciphering the origins and the disease mechanisms of a rare
genetic disorder Matthew-Wood syndrome, which would help us develop diagnosis, prevention, and novel treatment for the disease.
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