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Multi-chamber cardioids unravel human heart
development and cardiac defects
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as dissect genetic and teratogenic
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SUMMARY

The number one cause of human fetal death are defects in heart development. Because the human embry-
onic heart is inaccessible and the impacts of mutations, drugs, and environmental factors on the specialized
functions of different heart compartments are not captured by in vitro models, determining the underlying
causes is difficult. Here, we established a human cardioid platform that recapitulates the development of
all major embryonic heart compartments, including right and left ventricles, atria, outflow tract, and atrioven-
tricular canal. By leveraging 2D and 3D differentiation, we efficiently generated progenitor subsets with
distinct first, anterior, and posterior second heart field identities. This advance enabled the reproducible gen-
eration of cardioids with compartment-specific in vivo-like gene expression profiles, morphologies, and func-
tions. We used this platform to unravel the ontogeny of signal and contraction propagation between interact-
ing heart chambers and dissect how mutations, teratogens, and drugs cause compartment-specific defects

in the developing human heart.

INTRODUCTION

Congenital heart disease (CHD) is the most common human
developmental birth defect and the most prevalent cause of em-
bryonic and fetal mortality.’* CHDs most often affect specific
compartments of the embryonic heart, such as the outflow tract
(OFT), the atria, the atrioventricular canal (AVC), and the right
ventricle (RV).® For about 56% of diagnosed CHD cases, the un-
derlying cause is unknown but is assumed to originate from un-
discovered genetic mutations, environmental factors, or a com-
bination of both.” To identify possible causes and preventive
measures, we need models encompassing all compartments
of the developing human heart.

CHDs occur early in embryonic development, making the
characterization of disease etiology particularly challenging.®®
These difficulties are compounded by the lack of control over
the interactions between genetic background and environmental
factors during human embryonic development.* Understanding
the etiology of CHD solely through animal models is not feasible,

ates

given tissue complexity, developmental speed, inaccessibility,
and species-specific differences.” These differences include
the disc-like shape of the human embryo, divergence in extra-
embryonic tissues and implantation, the gestational timing and
proliferation rates, and the distinct expression of some cardiac
transcription factors (TFs), structural proteins, and ion channels,
resulting in specific electrophysiological characteristics and dis-
ease suspensibility. We do not have human in vivo references for
some of these disparities, as there are no molecular and physio-
logical data for the crucial cardiac developmental period be-
tween 19 and 28 days post-fertilization (dpf). Nevertheless, the
general principles of heart development, such as the role of
signaling, cell types, lineage architecture, and function, are
conserved. Inspired and guided by in vivo cardiogenesis,
recently reported human self-organizing cardiac organoids are
important and complementary, as these represent experimental
models of human cardiac development and thereby allow reduc-
tionist dissection of mechanisms in high throughput, obtaining
results with high statistical significance.>® However, these
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systems do not yet allow the mechanistic interrogation of defects
representing all interacting compartments (OFT, AVC, atria, RV,
and left ventricle [LV]) of the human embryonic heart.

For a controlled in vitro system to mimic human heart develop-
ment, it is essential to deploy the in vivo principles that govern the
coalescence of all lineages in building a heart."®"" Heart struc-
tures are predominantly derived from three progenitor popula-
tions that give rise to specific cardiomyocyte (CM) lineages. The
first heart field (FHF) primarily gives rise to the developing LV,
the anterior second heart field (aSHF) to the developing RV and
most of the OFT, and the posterior second heart field (oSHF) gives
rise to most of the atria and a portion of the AVC. The develop-
ment of these structures is carefully timed such that the FHF-
derived CMs form the heart tube and the LV, while the aSHF
and pSHF differentiate to form the remaining compartments in a
delayed and gradual fashion. This complex and dynamic process
is orchestrated by developmental signaling pathways (WNT,
Nodal/Activin, BMP, etc.) at specific stages.'” The signaling path-
ways control key downstream compartment-specific TFs (e.g.,
TBX1, TBX5, and IRX4), instructing progenitor specification,
morphogenesis, and physiology.'® Although much is known
about these core network components, we lack a human model
enabling mechanistic dissection of how mutations or environ-
mental factors lead to CHD or fetal death.

Here, we established a multi-chamber cardioid platform that
unravels how interacting chambers coordinate contractions
and how mutations, drugs, and environmental factors impact
specific regions of the developing human heart.

RESULTS

Generation of cardioids from aSHF and pSHF
progenitors

To derive SHF progenitors, we first hypothesized that the aSHF is
exposed to WNT and Nodal signaling inhibition, a similar signaling
environment as other anterior and dorsal embryonic regions (neu-
roectoderm and head mesoderm).'*'® Thus, we derived cardi-
oids'®from the aSHF lineage by inducing mesoderm first, followed
by the aSHF-patterning-1 stage using dual WNT and Nodal/Activin
signaling inhibition (Figure 1A). Synergistic WNT and Nodal/Activin
inhibition were necessary for early aSHF lineage marker (TBX1 and
FOXC2) upregulation, while any Nodal/Activin signaling modula-

¢ CellP’ress

OPEN ACCESS

tion interfered with FHF differentiation (Figures S1D and S1F). As
in vivo, BMP signaling at the patterning-1 stage hampered aSHF
specification (Figure S1E)."® After 3.5 days of 3D differentiation,
we observed aSHF and FHF/pSHF (TBX5+) progenitor heteroge-
neity and traced its origin to the earlier induction stage (day 1.5)
with the mesoderm marker EOMES expressed only at the surface
and the pluripotency and neuroectoderm marker SOX2 in the
cardioid core (Figures 1B, 1C, S1A, and S1B). Thus, we hypothe-
sized that cells in 2D receive more equally distributed induction sig-
nals, resulting in a homogeneous exit from pluripotency and differ-
entiation, whereas mesoderm is not induced homogeneously in
3D. When we induced mesoderm in 2D and initiated differentiation
in 3D only at patterning-1 (day 1.5), cells exited pluripotency effi-
ciently (Figure S1B), expressed high levels of TBX1 and FOXC2
(67%, protein level), and only a few cells expressed TBX5
(Figures 1B, 1C, S1A, S1D, S1G, and STH). In contrast, the expres-
sion of head mesoderm markers was absent (Figure S1C),"” indi-
cating that the staged 2D-3D differentiation produces more homo-
geneous progenitor populations.

In contrast to the aSHF, the pSHF is exposed to retinoic acid
(RA) signaling in vivo,'® which activates pSHF regulators
(HOXB1, HOXA1, and TBX5) and inhibits the aSHF expression
signature. Consistently, we observed that adding RA during
aSHF-patterning-1 promoted pSHF identity (Figures 1A, 1E-
1G/, and S1E), while manipulation of other signaling pathways
(SHH, WNT, and FGF) had little to no effect (Figure S1E)."® As
in vivo,?° different Nodal/Activin and WNT signaling levels during
mesoderm induction stimulated the aSHF and pSHF over the
FHF lineage (Figure S1G). When we analyzed the three progen-
itor subtypes by RNA sequencing (RNA-seq), we found that the
FHF, aSHF, and pSHF markers were among the most differen-
tially expressed genes (Figures 1D and 1E). The specificity and
homogeneity of the progenitor populations were further under-
scored by the mutually exclusive expression of lineage-specific
markers (Figures 1D-1H and S1H). Still, all populations were
positive for the cardiac progenitor marker NKX2-5 and mostly
negative for SOX2 (Figure S1l). Overall, these data suggest that
in the cardioid system, we can efficiently and homogeneously
generate all three major cardiac progenitors.

The FHF, aSHF, and pSHF give rise to several different cardiac
cell types in the embryo, including CMs and endothelial cells
(ECs). We showed previously that FHF progenitors generate LV

Figure 1. aSHF and pSHF progenitors express specific markers and form functional cardioids

(A) Differentiation protocol into three main cardiac lineages: first heart field (FHF), anterior second heart field (aSHF), and posterior second heart field (pSHF).
WNT, CHIR99021; LY, LY 294002; B, BMP4; F, FGF2; |, insulin; WNTi, C59 or XAV-939; TFGBIi, SB 431542; RA, retinoic acid (numbers represent uM).

B) Marker RT-gqPCR in FHF/aSHF progenitors in 2D, 3D, and 2D — 3D protocols.

C) RNA-scope marker staining of aSHF-cardioid cryosections in 2D — 3D vs. 3D differentiation. For subsequent figures, the 2D-3D protocol is used.

D) RNA-seq volcano plot of differentially expressed genes in indicated conditions.

F) RNA-scope marker staining as specified.

G) (G and G') Marker immunostaining in cardioids with (G”) quantification (N = 3, n = 3-9).
H) RNA-seq Venn diagram of shared upregulated genes in different cardiac progenitors.
1) Biological and technical replicates of representative whole-mount cardioid images derived from TNNI1-GFP-hPSCs. Scale bars, 500 pm.

(
(
(
(E) RNA-seq expression heatmap for lineage-specific cardiac mesoderm TFs.
(
(
(
(

(J) MYL7-GFP-hPSC-derived cardioid subtype cryosections.

(K) Representative CM flow cytometry plot derived from TNNI1-GFP/WT-hPSCs. Indicated day of analysis (D). Scale bars, 200 um, except where specified. \PSC
lines: H9 and WTC11. Bar graphs show mean + SD. Statistics: one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns: not significant.

N, biological replicate number; n: technical replicate number.
See also Figure S1.
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(A) Representative whole-mount images of a time course for TNNI1-GFP-hPSC-derived cardioid subtypes. Scale bars, 500 um.
(B) Quantification of cardioid area change during differentiation in (A) (N = 3, n = 75-96) per time point.
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chamber-like contracting cardioids (LV cardioids) containing
CMs and ECs."® Following this method, we continued to inhibit
WNT signaling while treating the aSHF/pSHF progenitors with
BMP, FGF, insulin, and RA (patterning-2) (Figure 1A), resulting
in the reproducible formation of contracting cavity-containing
cardioids in high throughput (Figures 11 and 1J). In contrast to
FHF-derived cardioids, aSHF/pSHF-derived cardioids require
higher RA dosage at this stage. Efficient aSHF differentiation
also necessitated a lower seeding density (Figures S1K and
S1L) during mesoderm induction, as a high density led to ineffi-
cient CM differentiation and expression of neural markers within
the organoid core (Figures S1K and S1K'). Precise cell counting
before patterning-1 aggregation was essential for robust
cardioid formation (Figure S1L). As a result, more than 85% of
the cardioid cells expressed the CM marker TNNI1 (Figures 1K
and S1M) and low levels of SOX2, endoderm (FOXA2), and fibro-
blast (COL1A1) markers (Figure S1J). Finally, aSHF and pSHF
progenitors differentiated efficiently into PECAM1+ ECs in 2D
when exposed to VEGF and forskolin after aSHF/pSHF-
patterning-1 (Figures S1N and S10). In summary, by applying
in vivo-like signaling and cell number optimizations, aSHF/
pSHF progenitors can be differentiated efficiently into CM and
endothelial lineages within the cardioid system.

Formation of RV and atrial cardioids
During development, FHF progenitors differentiate into CMs that
form the heart tube, while aSHF progenitors first proliferate and
then differentiate together with pSHF progenitors at a later devel-
opmental stage.'® Consistently, a detailed time course analysis
revealed a CM specification and morphogenesis delay in SHF
cardioids (Figures 2A-2C and S2A), while proliferation rate and
Ki67 expression were elevated in aSHF progenitors until day
4.5 (Figures 2C, 2D, and S2B). In addition, aSHF progenitors ap-
peared more epithelial-like, as seen by higher CDH1 and lower
CDH2 expression, reminiscent of in vivo.'®?" The aSHF/pSHF
cardioids were also smaller than FHF cardioids and showed
delayed TNNI1 expression (Figures 2A, 2B, and S2A). The FHF
cardioids were larger despite containing fewer cells than
aSHF cardioids and similarly sized individual cells, indicating
that the intercellular space accounts for the observed differ-
ences (Figures 2D and S2A). Global gene expression confirmed
that structural CM gene expression was delayed in SHF cardi-
oids (Figures 2E and S2C), and we observed a delay in cavity for-
mation (Figure 2C). Thus, the staggered differentiation of SHF
and FHF cardioids in vitro is consistent with the in vivo develop-
mental timing and morphogenesis.

Next, we asked whether the acquisition of chamber identity
also followed the developmental trajectory in aSHF/pSHF-
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derived cardioids. In vivo, the FHF gives rise to the LV and a mi-
nor portion of atrial CMs, whereas the aSHF and pSHF give rise
to the RV and atria, respectively.' To answer that question, we
compared the specification potential of aSHF/pSHF/FHF pro-
genitors by adjusting the concentration of RA. We observed
that aSHF progenitors gave rise to early RV-like identity
(IRX1+, IRX2+, IRX3+, and NPPA+), while the pSHF progenitors
differentiated into early atrial CMs (HEY1+, NR2F1+, and
NR2F2+) (Figures 2E-2G’). In a global gene expression compar-
ison at day 9.5, we found that the top upregulated genes in aSHF
cardioids included ISL1, IRX1, HEY2, and RFTN1 (Figures 2F and
S2D), which have been implicated in ventricular identity and
physiology. In contrast, in pSHF cardioids, TBX5, NR2F2, and
NR2F1 were upregulated, consistent with early atrial identity
(Figures 2F and S2D). These findings were confirmed on a pro-
tein level for IRX1, NR2F2, and HEY2 (Figures 2G, 2G’, and
S2E). The specification of the CM subtypes was also achieved
using H9 human embryonic stem cells (hESCs), different WTC
human-induced PSC (hiPSC) sublines, and another independent
hiPSC line (Figures 2H and S2F-S2H). In summary, aSHF pro-
genitors specify into RV-like cardioids (RV cardioids), and
pSHF progenitors form atrial cardioids (A cardioids), showing
that the early priming of progenitors is crucial to obtaining
different chamber identities in the developing heart.

To achieve further chamber specification and maturation, we
tested several recently published ventricular CM signaling and
metabolic treatments (Figure S21).?>* In an adapted combina-
tion of these conditions, LV/RV cardioids upregulated the key
ventricular structural protein MYL2, chamber markers NPPA
and NPPB, and showed a typical maturation shift in MYH7 and
MYH6 expression ratio (Figures 21 and S2J-S2M), resulting in
well-defined sarcomere structures and higher contraction
amplitude (Figures S2L and S2N). However, as this approach
interfered with atrial differentiation, we sought to identify the
combination of factors promoting further atrial chamber matura-
tion (Figure S2I). We found that the FGF and RA pathway activa-
tion and NOTCH and BMP signaling inhibition combined with
metabolic maturation promoted the atrial chamber program
(NPPA+, NPPB+, NR2F2+, IRX4—, and MYL2-) while strongly
downregulating the heart tube and AVC-specific transcripts
TBX2 and TBX3 (Figure S20). Cumulatively, we demonstrated
that we could specify and differentiate cardioids into the three
chamber identities found in the embryonic heart.

Specification of OFT and AVC cardioids

Besides the RV, aSHF progenitors differentiate into the OFT,
which gives rise to the aortic and pulmonary valve and vessel
structures.’® Abnormalities in OFT derivatives are the most

(
(
(
(
(
(

C) Ki67 immunostaining of cardioid cryosections, showing delayed cavity initiation (white arrow) and cavity expansion (yellow arrow).
D) Representative quantification of cell number per cardioid and cell size change during differentiation; N = 3, n = 8 per time point.
E) RNA-seq expression heatmap of lineage- and compartment-specific genes.

F) RNA-seq volcano plot showing differentially expressed genes in indicated conditions.

G) (G') Lineage-specific immunostaining and (G) quantification (N = 3, n = 8-11), as specified.

H) RT-gPCR expression heatmap of chamber-specific marker cardioids derived from different cell lines.

(I) MYL2 immunostaining in matured LV/RV cardioids. Indicated day of analysis (D). Scale bars, 200 um, except where specified. Bar and dot plot graphs show
mean + SD. Statistics: one-way ANOVA. vst, variance-stabilized transformed counts. *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001. ns: not significant.

N, biological replicate number; n: technical replicate number.
See also Figure S2.

Cell 186, 5587-5605, December 7, 2023 5591




¢? CellPress

OPEN ACCESS

Cell

A ISL1 C
FOXCT
| FGFR2 100
1 = 8 5 B HANDT | oFr 2.0 I
XAVSB - S CXCL14" 2%« o
= . - MSX1 3 25 Repan ta 1| 1. PDGFRA
@»-_) - . Biipa s MSX1 .3 || 197 RxRe
BMP4 o |, ° ':i, S
; HAND2 F] . B 5. o
pluri - - TNNT2 £ e NPPA
|| | |PRDX1 S % PN
BMP2 B . 3
= w2
* NPPA 5 1]
[ Do D15 . | IRX3 8o ——
aSHFOFT RV OFT RV OFT RV OFT RV OFT RV T T = o 3
& 1 1 1
5 - seterstos o toos o E log2(RV_D9.5 / OFT_D9.5)
WNT5A éf_& Ty
E ol TBX3,
- ’—} g , coLzat! i -
) (@ SHF 3 Fowca 42 | AR
P i) o
/ 2 RXZ%%) R, . risare2
(&>_ g |ootsme Exfi Feea 2282 et
BMP4 g | awal I AVC
. 0 T - T T
53 3 0 3 6
10g2(AVC_D3.5 / Atrial_D3.5)

TBX3

NANOG

HOXB1

TBX1  [mesoderm

AvVC

|CM
||

pluri D1.5D3.5D4.5D5.5D7.509.5 D14

TNNT2

OFT Module score
| K 10 S.Score 0
~ 5
a' Q ) Mos
2o "L At
W S5 - " |
® Vprol .4
:\ ® RV -10 -10 4
0 ® Atrial e 5705 6 5 10
— = -15-10-5 0 5 10 15-10-5 0 5 10
E o UMAP_1 UMAR_1
® EC 1 Atrial Module score AVC Module score
] Endoderm 10 PN
£ «~ 5 Mos
< o 06
< 0 oy 0.4
EM ,’ o2
10 E W
UMAP_1 -10 3’
-15-10-5 0 5 10
UMAP_1
L v I V.prol [ RV I Atrial I OFT |
AC10000 - 00000 0@ 020000000 0OO000OQ0 - Qo0 Q002000000 OOOQ0000 00 9000000000
OFT1000Q ° 000000 - OO 0000000200 OOOOOOOO0e00® 0000 00 - 00 900000000080 OOOOOO0 ° OO
Atria {O@00 - OCOOOO@®O - 00000000 OOOBOG®VO ° 00 o SOO000®®® OOOOO00Q0 - 000 @O000Q00 - 0@
RVIOO@0 00@O00000° 0-00000 - 00 OOOOOV0OO0@O® OCC0 - Q0°00 000000000000 0000000 OO
Vvprol 1000000000000 000 OOO0O00000Q00 0000 Q000 00000000000 QO00OOOO00
V{9000 0@@@@OO0@®O O - 2°0°0° - 00 OOOVOOO00 2000 0002 Q000 0000000000020 0000000000
T N T T N e R T T O T kT T N T T
R A R K N (T R S R e K R R e XS (I O AR Y KO TR &R
S R T R SRR
< ¥ &
Percent Expressed -1 0 1 2
e 25 @50 @75 @10 [ o Avg. Expression
aSHF Module score pSHF Module score Asp etal., 2019 Schmidt, Deyett et al., 2023
: 10 @ Endothelig) 5
cells o v
5 ® RV
ey 10 ® Vprol
o OFT
20 N o Atria
3 o AVC
-5 <§( e EC
=} Asp etal, 2019
-10 ® Ventricles
-15-10-5 0 5 1 ® Atria
UMAP_1 @ Endothelial cells
- © Fibroblast

5592 Cell 186, 5587-5605, December 7, 2023

(legend on next page)


mailto:Image of Figure 3|tif

Cell

frequent congenital heart defects.® We observed that higher RA
dosages promoted aSHF specification toward the RV identity
(Figures 3A and S3A), while the absence of exogenous RA pro-
moted the expression of OFT (WNT5A, ISL1, HAND2, and
RSPO3) but not chamber markers (Figures 3B-3D, S3B, and
S3C)."° OFT cardioids were more mesenchymal (MC)-like (Fig-
ure S3E), delayed in differentiation (Figure 3B), and smaller
compared with RV cardioids (Figure 3l). Further optimization re-
vealed that C59 (inhibits canonical and non-canonical WNT) led
to higher expression of chamber markers in the RV cardioid,
whereas XAV-939 (inhibits only canonical WNT) promoted upre-
gulation of OFT genes (Figure S3D). OFT cardioids contained
mostly TNNI1+ CMs, and few showed fibroblast or endothelial
marker expression (Figure S3G). As a functional validation,
OFT cardioids displayed more efficient smooth muscle cell
(SMC) differentiation propensity (ACTA2+ and TNNT2-),
compared with the FHF that typically does not give rise to
SMCs in vivo (Figures S3F and S3F).%° They could also be stim-
ulated by VEGF to form an inner EC layer and show MC SOX9+
cells upon treatment with EMT-promoting factors transforming
growth factor B (TGF-f) and FGF2 (Figure S3E). Thus, aSHF pro-
genitors can be directed into OFT cardioids with SMC and endo-
thelial EMT differentiation potential reminiscent of early valve and
great vessel development.

In vivo, pSHF-derived CMs comprise most of the atria and
contribute to the AVC, a crucial region where valves and pace-
maker elements develop. Studies in mice showed that pSHF
precursors are located in different primitive streak areas and
will migrate out at different time points (AVC earlier, atrial
later).?%?"*® Thus, we hypothesized that mesoderm induction
conditions for the two pSHF populations will differ. Indeed, we
found that intermediate Activin and low WNT activation levels
during mesoderm induction resulted in higher expression of
primitive streak markers at day 1.5 (Figures 3E and S3H), leading
subsequently to the upregulation of AVC-specific genes (TBX2
and TBX3) and downregulation of atrial genes at day 9.5 (Fig-
ure S3I). The pSHF signature at day 3.5 remained in both pSHF
populations (Figure S3l). Another difference between AVC and
atrial development in vivo is the high exposure of the AVC region
to BMP ligands. As hypothesized, the addition of BMP4 at the
patterning stage upregulated early AVC markers (Figure S3l),
and optimized induction and patterning (Figure 3E) drove pSHF
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specification toward AVC identity (Figures 3F-3H). AVC cardi-
oids were smaller than atrial (Figure 3l), and only a few cells
were PECAM1+ or COL1A1+ (Figure S3G). Overall, the subspe-
cification of pSHF progenitors into atrial or AVC cardioids started
as early as the mesoderm induction stage, reflecting the devel-
opmental plasticity of the pSHF.

scRNA-seq analysis of cardioids and in vivo comparison

Human embryonic cardiogenesis between 19 and 28 dpf s inac-
cessible and poorly characterized, and current single-cell RNA-
seq (scRNA-seq) datasets typically correspond to later develop-
mental stages. Thus, we aimed to compare all five cardioid
subtypes by scRNA-seq analysis and explore the specification
differences of early human heart compartments beyond well-es-
tablished animal markers. We performed scRNA-seq on LV (day
7.5), RV, AVC, OFT, and A cardioids (day 9.5) matched for their
structural CM differentiation stage (see Figures 2A-2C). Quality
control filtering required the removal of only 5%-10% of cells,
and uniform manifold approximation and projection (UMAP)
cluster analysis separated different cell types and compart-
ment-specific CMs (Figure 3J). The clustering revealed small
non-CM (ECs and endoderm) populations, efficient CM differen-
tiation, and a reproducible cluster arrangement of biological rep-
licates (Figures S4A and S4B). As in development, many early
ventricular CMs had a proliferative transcriptomic signature
and a high S. score (Figures 3J-3L). Compartment-specific CM
clusters diverged, including the RV and LV (Figures S3J-3L
and S4C), and expressed literature-curated gene modules
(Figures 3L, 3M, and S3J-S3L). Many of the differentially ex-
pressed genes are well-known markers. Still, others have not
been highlighted before, such as PDGFRA (atrial), CD24 (RV),
TMEMS88 (OFT), and TRH (AVC) (Figures 3L and S3J), revealing
a valuable resource window into a hidden human developmental
stage. We then compared these data corresponding approxi-
mately to 25-28 dpf of human cardiogenesis with two scRNA-
seq datasets, derived from dissected human embryonic ventri-
cles, atria,”® and OFT (30-50 dpf),>® using the same parameters.
Randomized downsampling to facilitate integration with the
in vivo cell numbers revealed a remarkable overlap in the clus-
tering of ventricular and atrial CMs (Figures 3N and S3N). Since
the in vivo samples represented a later developmental stage,
there was an expected larger population of fibroblasts and a

Figure 3. Specification of OFT/AVC cardioids and scRNA-seq in vivo comparison

A) RV/OFT cardioid differentiation protocols, emphasizing treatment differences.

B) RNA-seq expression heatmap time course of markers in developing RV/OFT cardioids.

C) RNA-seq volcano plot showing gene expression differences between RV and OFT cardioids.

D) In situ hybridization chain reaction cryosections of MYL7-GFP-hPSC-derived RV/OFT cardioids.

F) RNA-seq volcano plot showing differentially expressed genes at indicated conditions.

G) (G) TBX2 and (G’) TBX3 immunostaining on cryosections of A/AVC cardioids.

H) RNA-seq expression heatmap time course of developing AVC cardioids. MC, mesenchymal.

1) Whole-mount images of TNNI1-GFP-hPSC-derived RV/OFT/A/AVC cardioids (N = 3). Scale bars, 500 um.

J-N) scRNA-seq analysis comparing all protocols (N = 2, atrial: N = 1, n = 16-72). (J) scRNA-seq UMAP showing different clusters; V.prol, ventricular proliferating.
(K) Expression of S. score (cycling cells), OFT, AVC, and atrial gene modules. (L) Dot plot showing the most expressed genes of each CM cluster. (M) Expression of
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(E) A/AVC cardioid differentiation protocol, emphasizing treatment differences.
(
(
(
(
(

aSHF and pSHF gene modules. (N) UMAP showing integration with the scRNA-seq ex vivo dataset of Asp et a

1.2 Samples were randomly downscaled to 3,000

cells. Indicated day of analysis (D). vst, variance-stabilized transformed counts. Scale bars, 200 um. Module gene lists are in Table S2.

N, biological replicate number; n: technical replicate number.
See also Figure S3.
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more mature but similar OFT signature. Overall, the cardioid sub-
type scRNA-seq analysis confirmed the compartment-specific
CM identities, providing an invaluable resource to reveal early
specification mechanisms at an obscure stage of human
development.

Functional characterization of the five cardioid

subtypes

The heart must function while developing; thus, understanding
early cardiac activity during embryonic heart compartment for-
mation is imperative. We hypothesized that the cardioid platform
could investigate functional developmental differences between
compartments in the absence of human in vivo data. Contraction
behavior of day 6.5 cardioid subtypes showed spontaneous
contraction (automaticity) in 90%-100% of LV, atrial, and AVC,
and a greater extent of contraction. In contrast, only 18% of
RV cardioids contracted spontaneously, and 8% of OFT cardi-
oids showed a lower contraction extent (Figures 4A, 4C, and
S4B; Video S1). On day 9.5, A/AVC cardioids automaticity was
maintained, while the contraction rate decreased in LV, RV,
and OFT cardioids (Figures 4A-4C; Video S1). Similar to in vivo,*°
the loss of automaticity correlated with the expression downre-
gulation of the HCN4 potassium/sodium channel found in pace-
makers (Figure 4D). These observations were reproducible
across both technical and biological replicates and cell lines
(Figures 4A-4C and S4A). To gain further insights into signal
propagation in cardioids, we generated GCaMP6f reporter lines
to trace Ca2* transients (Figure S4C) and found that each
cardioid subtype has its distinct Ca®* wave pattern; the A,
AVC, and LV cardioids beat very regularly (100% beating), while
RV cardioids tended not to contract but exhibited Ca®* waves
that constantly signaled in one long burst (“re-entry,” 80%) (Fig-
ure S4C; Video S2).

When we investigated how Ca?* transits across the whole
cardioid, LV cardioids showed a prolonged transient, compared
with atrial and AVC,'? as reported in vivo.®" The signal propaga-
tion speed across cardioids differed between subtypes and dif-
ferentiation stages, where LV cardioid’s Ca®* transients further
increased from day 6.5 to propagate faster than A/AVC cardioids
at day 9.5 (Figures 4F and 4G). This is consistent with the upre-
gulation of GJA1 (CX43), specifically in LV cardioids, which have
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high conductance, and the upregulation of GJC1 (CX45), in AVC
cardioids, which have low conductance properties (Figure 4H
and 4l).%* Within one cardioid, the origin of signal propagation
varied between beats (Video S2). We also observed differences
between cardioid subtypes, as reflected by expression differ-
ences in T- and L-type Ca®* channels (Figure 4E). Overall,
compartment-specific cardioids have distinct contraction and
signal propagation profiles at these early embryonic stages,
which are not accessible in humans.

During early heart development, ion channel expression is
relatively uniform, but in later stages, chamber-specific gene
expression profiles and species-specific action potential (AP)
shapes emerge, often measured by field potential (FP) or AP
duration (APD).>®* The cardioid subtypes also develop distinct
ion channel expressions by day 9.5 (Figure 4H). As it is crucial
to characterize how FPs and APs of early human CM subtypes
differ within 3D cardioids, 2D monolayers derived from cardioids,
and in single 2D CMs, we used multiple electrode arrays (MEASs),
voltage-sensitive dye (FluoVolt) imaging, and manual patch
clamp. Whole cardioids were placed on a 64 X 64 electrode
grid to measure the FP at a high spatial resolution. We observed
FP diversity across cardioid subtypes (Figures 4J and S4H-S4L),
where a single LV cardioid showed a more homogeneous signal
propagation FP spread than A/AVC cardioids (Figures S41-S4L).
In 2D monolayers, using FluoVolt, we found that the LV/RV CMs
had longer APDs than atrial (Figures S4M-S4P). Patch-clamp
analysis on single CMs revealed that the APD in atrial/AVC was
shorter than in RV CMs, confirming the trends in monolayers,
and similar to human primary CMs (Figures 4K, 4N, 40, and
S4Q-S4U). The diastolic potential was around —70 mV (Fig-
ure 4L), upstroke velocity (Figure S4S) and amplitude (Figure 4M)
of the APs resembled the most advanced in vitro models,** and
importantly, specific CMs were electrophysiologically homoge-
neous. Taken together, the electrochemical signaling of cardioid
subtypes is diverse and fetal-like, enabling the functional inves-
tigation of early human cardiogenesis.

Multi-chamber integration of cardioid subtypes

Embryonic cardiac progenitors become specified in neighboring
areas and self-sort to form separate compartments,’" but study-
ing the molecular basis of sorting mechanisms in embryos is

Figure 4. Functional characterization of cardioid subtypes

(A-C) Experiments were performed in N = 2-7, n = 80, 65, 48, 48, and 33 cardioids for LV, RV, OFT, atrial, and AVC, respectively. All experiments in the WTC11
hPSCs. (A) Quantification of the percentage of cardioids that spontaneously contract within 1 min of recording. (B) Quantification of beats per minute (BPM). (C)

Quantification of contraction extent. Non-beating cardioids were excluded.

(D) RNA-seq quantification of HCN4 expression over time. Each dot represents the mean + SD. cpm, counts per million.

(E) RNA-seq expression heatmap with indications.

(F) Representative calcium signal propagation image of TNNT2-GCaMP6f-hPSC-derived LV/A/AVC cardioids for one beat. Underneath, distance scale

bars, 200 pm.

(G) Quantification of signal propagation speed across TNNT2-GCaMP6f-hPSC-derived cardioid subtypes. Each point represents the mean speed for all beats of
a single cardioid. LV: N = 3, (n = 71, day 6.5; n = 40, day 9.5); atrial: N =3, n = 159; AVC: N = 3, n = 85.

(H) RNA-seq expression heatmap with indications.
(I) Immunostained LV/OFT/AVC cardioid cryosections.
(J) Representative MEA FP curves of LV/A/AVC cardioids.

(K-0) Patch-clamp analysis of single CMs dissociated from WTC11-hPSC-derived cardioids. Each point represents the mean from one cell for 15-20 consecutive
APs. N =1, n: LV: 27, RV: 26, Atrial: 25, AVC: 15. (K) Representative AP curves. (L) Diastolic potential. (M) AP amplitude. (N) AP duration (APD90). (O) APD50.
Indicated day of analysis (D). Scale bars, 200 um. All graphs show mean + SD. Statistics: one-way ANOVA. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
N, biological replicate number; n: technical replicate number.

See also Figure S4.
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Figure 5. Multi-chamber integration of cardioid subtypes
(A) Sorting experiments schematic.
(B and B') Representative cryosections of hPSC-H2B-EGFP/hPSC-LMNB1-RFP-derived cardioids from (B) different or (B’) the same progenitors.
(C) Sorting quantification of H2B-GFP+ and LMNB1-RFP+ progenitors; N = 2-3, n = 7-11.
(legend continued on next page)
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challenging. To test whether aSHF/pSHF/FHF progenitors have
the same self-sorting potential as their in vivo counterparts, we
dissociated day 3.5 cardioid subtypes derived from either
H2B-GFP- or LMNB1-RFP-hPSCs, mixed them (Figure 5A),
and observed self-sorting within 24 h while keeping their CM
identity until day 7.5 (Figures 5B-5D, S5A, and S5B). In contrast,
progenitors of the same subtype tended not to sort upon mixing
(Figures 5B/, 5C, and S5A). The sorting was consistent with the
specific cadherin and TF expression signatures in the different
progenitors, reminiscent of in vivo (Figures 5D, 5E, 5E', and
S5C).2" Compartments retained the appropriate chamber fate
(Figure S5D), confirming that the first two stages of differentiation
determine lineage identity and that co-differentiation was
possible from day 3.5 onward.

In vivo, cardiac chambers co-develop seamlessly; however, we
lack a multi-chamber model to study this crucial stage and the
complex process of cardiac morphogenesis. As progenitors are
specified and sorted already at day 3.5, we hypothesized that
co-developing cardioids would also remain separate at this stage
but undergo morphogenesis together. When we placed different
cardioid subtypes together on day 3.5 (Figure 5F), they co-devel-
oped to form a structural connection after 24 h (Figure S5E and
S5F). Still, they maintained their distinct identities and compart-
ments (Figures 5G and 5I). In contrast, when we placed cardioid
subtypes together on day 5.5, they failed to connect by day 9.5
(Figure S5E). Cardioids only co-developed when combined on
day 3.5, electrochemically connected, and contracted in a coordi-
nated manner by day 6.5 (Figures 5H and S5G; Video S3), demon-
strating functional interaction. When we combined the progenitors
just before cavity formation (Figure 5M) (day 1.5 FHF/LV; day 3.5
aSHF/RV and pSHF/A), we found that they also shared a lumen
while retaining CM identity (Figures 5M-50, S5Q, and S5R). Here-
after, we refer to these structures as multi-chambered cardioids.
Multi-chambered cardioids co-developed in all combinations, al-
lowing us to study the interactions of two-chambered cardioids
or three-chambered cardioids (atrial, LV, and RV fusions;
Figures 5G-51 and S5G; Video S3) in the same order as within
the developing embryonic heart or in alternative experimental ar-
rangements (Figure S5J and S5K; Video S3).

The directionality of the electrochemical signal propagation in
early cardiogenesis is established gradually, initially without
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pacemakers, valves, and septa. Yet, this process has not been
tracked in human embryos.® In mice and chicken, the FHF-
derived heart tube and early LV region start to contract first but
lose automaticity as they mature.®5>” In contrast, the developing
atria and AVC start to beat later and maintain automaticity until
the cardiac pacemakers have formed, ensuring unidirectional
signal motion and flow from the atria over the LV to the RV and
OFT.*? To investigate whether the multi-chambered cardioid
system recapitulates this process, we measured its Ca>* signal
propagation and FP in a whole organoid and its compartments.
We found that each beat originated typically from one compart-
ment and then propagated through the entire multi-chambered
cardioid (Figures 5H and S5K; Video S3), generating unidirec-
tional signal and FP propagation in A-LV-RV cardioids. On day
6.5, most Ca®* signals originate from the LV region (Figure 5K)
and propagate through the RV area, which does not beat inde-
pendently (Figures 4A, S5G, and S5H). We validated these ob-
servations by showing that multi-chambered cardioids paced
by the LV region on day 6.5 maintained a similar beat frequency
as LV cardioids (Figure 5J). From days 6.5 to 9.5, the contraction
rate of A cardioids increased while that of LV cardioids
decreased, which was consistent with the atrial region becoming
gradually dominant in pacing the two- and three-chamber cardi-
oids (Figure 5J). Consistently, as the multi-chambered cardioids
developed to day 9.5, the Ca2* signal and FP originated predom-
inantly from the atrial region in all combinations, and the signal
propagation speed became atrial dictated with a homogeneous
FP profile in all subcompartments (Figures 5H, 5J, 5K, and
S5K-S5P; Video S8). Interestingly, compartment interactions
decreased signal propagation speed in the LV region specifically
and in the whole multi-chamber cardioid (Figures 5L and S5lI).
Thus, our comprehensive analysis platform deciphers the
ontogeny of electrochemical signal propagation in multi-cham-
ber cardioids and their subcompartments and how their interac-
tions affect co-developing individual chambers.

Mutations cause compartment-specific defects in
cardioids

Mutations in genes encoding cardiac TFs cause compartment-
specific congenital defects, where autonomous and non-auton-
omous effects are difficult to disentangle. Moreover, species-

(D) Immunostaining post-mixing; red lines indicate the cardioid edge.

(E and E’) Zoomed immunostaining images of different (E) mixed progenitors and (E’) control in cardioids post-mixing (day 4.5).
F) Multi-chambered cardioid protocol schematic with H2B-EGFP/LMNB1-RFP-labeled compartments.

G) A representative bright-field image from an A-LV-RA multi-chamber cardioid.

1) Immunostained cryosection of multi-chambered cardioid. Atrial section (A, RFP+), LV unmarked, and RV (EGFP+).

(
(
(H) Representative Ca?* signal propagation through a triple-chambered cardioid for one beat. Each pixel at 50% of peak intensity.
(
(

J) Ca®* waves per minute for different multi-chamber subtypes.

(K) Origin of Ca2* signal for multi-chamber cardioids. The color indicates the beat initiation subcompartment. Mix: >10% of beats initiated by different

subcompartments.

L) Speed of Ca®* signal propagation for multi-chambered cardioid subcompartments. Dotted lines: mean of LV/A cardioid speed.

1-K) N = 2-5, n = 41-160 per subtype; exclusions: Table S3.

N) Representative bright-field multi-chamber cardioid image using protocol depicted in (M).
O) Immunostained cryosection of a triple-chambered cardioid using protocol depicted in (M). Arrow indicates a shared cavity. Indicated day of analysis (D). Scale
bars, 200 um. Graphs show mean + SD. Statistics: one-way ANOVA. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. ns: not significant.

(
(
(M) Multi-chambered cardioids with shared lumen protocol schematic.
(
(

N, biological replicate number; n: technical replicate number.
See also Figure S5.
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Figure 6. Mutations cause compartment-specific defects in cardioids
(A) Whole-mount images of WT and ISL1-KO cardioids using indicated protocols; scale bars, 500 pm.
(B) Immunostained cryosections in indicated conditions.
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specific TF expression and functional variations are becoming
increasingly prominent.®® To genetically validate the specificity
of the human cardioid compartment platform, we generated
knockout (KO)-hPSCs for the prominent TFs ISL1 and TBX5
and the less-characterized FOXF1 (Figures S6A, S6G, and S6J).

Mutations in ISL1 are known to cause severe cardiac malfor-
mations in the OFT and RV, partial defects in the atria, and
lethality in mice at embryonic day (E)10.5.%° In a time course
analysis of ISL1-KO cardioids from days 2.5 t0 9.5, we noted se-
vere impairment of cavity morphogenesis and size at day 5.5 in
the OFT/A cardioids, while the impact on RV cardioids was
more subtle (Figure S6D). On day 9.5, KO and wild type (WT)
showed a significant size difference in all cardioid subtypes
(Figures 6A and S6E). We found that gene expression was
affected already at day 3.5, as evidenced by lower levels of
MEF2C and MYOCD, indicative of aberrant differentiation pro-
gression (Figure S6B).*° OFT cardioids showed the most drastic
gene expression changes, with HAND2 and BMP4 being down-
regulated and TBX5 being upregulated (Figure S6B).*° In A
cardioids, the pSHF marker HOXB1 was downregulated (Fig-
ure S6B), while NR2F2, RSPO3, WNT5A, and MYL7 were misre-
gulated in all subtypes at day 9.5 (Figure 6C). The CM differenti-
ation efficiency was severely affected in the KO-RV cardioids,
noticeably lower in A/OFT cardioids, while the LV was less
affected (Figure 6B). Although A cardioids still maintained
their identity, albeit with delayed differentiation and onset of
contraction (Figures 6B-6D and S6C), OFT cardioids exhibited
a global gene expression shift to atrial (NR2F2+, HEY1+, and
WNT5A-) identity (Figures 6D, 6F, and S6F).*"**? Consistent
with the gene expression analysis, most ISL1-KO OFT cardioids
started beating at a similar rate as A cardioids on day 14 (Fig-
ure 6E). Thus, the cardioid platform mimics aspects of in vivo
ISL1-KO compartment-specific defects, allowing human-spe-
cific and autonomous dissection of specific effects at high
resolution.

TBXS5, another prominent cardiac TF, is a critical regulator in
FHF and pSHF progenitors responsible for driving the chamber
gene expression program.*®** Mutations in TBX5 lead to atrial
and ventricular septal defects and conduction disorders and
are associated with Holt-Oram syndrome patients.**> When we
differentiated TBX5-KO cardioids, global gene expression
analysis on day 3.5 revealed that aSHF markers got upregulated
in TBX5-KO A/AVC cardioids while the pSHF-specific gene
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HOXB1 was downregulated, consistent with in vivo findings
(Figures 6G and S6H).** TBX5-KO-LV cardioids upregulated
HAND2 and FGF10 and downregulated NKX2-5 and GATA4 (Fig-
ure S6H). In contrast, KO-RV cardioids showed no major defects
except for FOXC2 upregulation on day 3.5 (Figure S6H). On day
9.5, we observed severe morphogenetic phenotypes in LV/AVC
cardioids (Figures 6H, 6H’, and S6H), where AVC CMs failed to
differentiate (Figure 6l). KO-LV/RV/A cardioids mainly featured
inefficient CM differentiation, with downregulation of TNNT2
and the chamber-specific marker NPPA (Figures 61-6K). All
TBX5-KO cardioid subtypes showed a prominent defect in
ventricular chamber markers expression and upregulation of
non-chamber markers TBX2 and WNT5A in KO-RV/LV cardioids
(Figure 6K), similar to in vivo.*® TBX5-KO cardioids also lost the
ability to spontaneously contract across all subtypes and time
points (Figure S6l). Overall, the TBX5-KO showed specific phe-
notypes at different stages; while LV/A/AVC cardioids were
affected already as progenitors, RV cardioids featured a mild
phenotype at the CM specification stage.

Finally, FOXF1 is a specific regulator of the pSHF lineage; mu-
tations lead to atrial septation defects, and KO mice die early at
E8.0 due to defects in extraembryonic mesoderm, precluding
further analysis of cardiac phenotypes.*®*” When we analyzed
FOXF1-KO cardioid subtypes, we observed at day 3.5 an earlier
onset of cavity morphogenesis in A cardioids (Figure S6J, yellow
arrow). In contrast, the KO-AVC cardioids failed to form full cav-
ities (Figures 6L and S6L). The main pSHF (HOXB1 and OSR1)
and AVC markers (TBX2 and TBX3) were downregulated in
FOXF1-KO cardioids (Figures 6M and 6N), consistent with
pSHF specification failure. Only a few genes were misregulated
at day 3.5 in KO-LV/RV cardioids, including upregulation of
PITX2 and TBX1, respectively (Figure 6M). On day 9.5, the KO-
LV/AVC cardioids were smaller (Figures 60 and S6K). Interest-
ingly, KO-A cardioids acquired a more ventricular identity
and developed more extensive cavities, while KO-AVC
cardioids failed to differentiate efficiently (Figures S6L-S6N).
As expected, we did not observe a severe phenotype in KO-
RV/OFT cardioids, except for the downregulation of NPPA in
all subtypes (Figures 60, S6L, and S6M). A less severe pheno-
type appeared in the KO-LV cardioids, where genes involved in
cardiac contraction (ENO1) were downregulated (Figure S6M),
leading to a lower beating rate (Figure 6P). KO-A cardioids also
showed a lower beating rate, while KO-AVC cardioids did not

C)
D) Immunostained WT and ISL1-KO A/OFT cardioids.
E) Contraction analysis of A/OFT WT and ISL1-KO cardioids (N = 1, n = 24).

RNA-seq expression heatmap shows misregulated genes in ISL1-KO cardioids, compared with WT.

F) RNA-seq volcano plot showing global gene expression differences in indicated conditions.

G) RNA-scope staining as specified.

| and J) Immunostained cryosections of cardioids as indicated.

K) RNA-seq expression heatmap showing differentially expressed developmental genes as specified.
L and O) Whole-mount images of a time course in indicated conditions. Scale bars, 500 pm.
M) RNA-seq expression heatmap showing misregulated marker genes as indicated.

N) Representative RT-gPCR in indicated conditions.

(
(
(
(
(
(H and H’) (H) Representative whole-mount images of TBX5-KO and WT cardioids and (H') area quantification (N = 3, n = 24). Scale bars, 500 pL.
(
(
(
(
(
(

P) Contraction analysis as specified (N = 1, n = 24). Indicated day of analysis (D). vst, variance-stabilized transformed counts. Scale bars, 200 um, unless
otherwise specified. Bar graphs show mean + SD. Statistics: one-way ANOVA. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. ns: not significant.

N, biological replicate number; n: technical replicate number.
See also Figure S6.
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contract at day 6.5 (Figure 6P). These results suggest that FOXF1
has compartment-specific roles, particularly in the pSHF line-
age, showing differential effects in A vs. AVC cardioids. In sum-
mary, the cardioid platform can be employed to dissect human
stage- and compartment-specific genetic cardiac defects of
specification, morphogenesis, and function without compensa-
tory mechanisms present in the embryo.

A comprehensive screening platform for teratogen and
drug effects

Beyond genetic origins, congenital heart defects can also be
caused by teratogens (e.g., drugs, toxins, metabolites).*®
Currently, we still miss human systems to investigate, in a
high-throughput and easily quantifiable manner, whether terato-
gens cause compartment-specific cardiac defects.*® We first
confirmed that a non-teratogenic factor, Aspirin, did not cause
any morphological or significant gene expression differences
(Figures S7A and S7B).**°° Next, we tested thalidomide, a
well-known teratogen in humans but not rodents, that interferes
with TBX5 function, causing severe cardiac and limb de-
fects.®'"*? We used the cardioid platform to dissect the effects
of thalidomide at concentration ranges found in the human
plasma®® and detected previously unseen striking effects on
the AVC compartment, intermediate phenotypes in LV/RV cardi-
oids, and more subtle effects on A/OFT cardioids (Figures 7A
and S7G). Gene expression profiles and immunostaining of
treated samples revealed the downregulation of the TBX5 target
NPPA for all lineages except for the RV and OFT and a dosage-
specific misregulation of compartment identity markers NR2F2,
IRX1, and IRX4 (Figures 7B and 7C).

Next, we considered retinoid derivatives, used in treatments
against leukemia, psoriasis, and acne, as another class of com-
pounds known to induce congenital defects, particularly malfor-
mations of the AVC and OFT derivatives. Since RA plays a crucial
role during heart development, we expected the cardioid plat-
form to allow us to dissect the underlying stage-specific mecha-
nisms. When we tested acitretin and isotretinoin (data not
shown), we found that strikingly low dosages caused severe
compartment-specific and stage-specific effects. OFT/A/AVC
cardioids had defects in specification, patterning, and morpho-
genesis when treated with acitretin (Figures 7D, 7E, S7C, and
S7C’). Surprisingly, when using trans-retinol, we only saw a se-
vere morphological effect in OFT cardioids, while all the other
subtypes were unaffected (Figures S7E and S7E’). In OFT cardi-
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oids, retinoids caused the downregulation of OFT genes and up-
regulation of ventricular but not atrial genes (Figures 7F and S7F).
Moreover, OFT cardioids treated with retinoids differentiated
earlier into CMs (Figures 7D and S7D). These data suggest that
the cardioid system is surprisingly sensitive to different retinoid
compounds exhibiting drug- and compartment-specific effects.
Finally, we considered that the multi-chamber platform could
be used to test for the effects of drugs on single or interacting
cardioids, as such approaches are currently limited, despite
the urgent need to prevent drug-induced electrochemical pertur-
bations in developing fetuses. At first, we confirmed that MEA
three-chamber cardioid analysis could be used in principle to
detect elongated FPs upon treatment with the potassium chan-
nel modulator 4AP (Figures S7H and S7l). To increase
throughput, we focused on measuring Ca®* signal propagation
in A, LV, and two-chambered LV-A cardioids treated with
different electrophysiological modulators, such as ivabradine
(HCN4 channel blocker), isoprenaline (stimulates beta-adrenore-
ceptors), and Bay K 8644 (stimulates L-type calcium channels).
Although the Ca®* activity of LV cardioids was affected by the
drug-solvent DMSO and showed aberrant Ca®* signal re-entry
in the presence of Bay K 8644, A/LV-A cardioids were not
affected in this manner (Figures 7G and 7H). Instead, Bay K
8644 stimulated both A and LV-A cardioid beating, while ivabra-
dine decreased it in all subtypes (Figure 7I). Interestingly,
isoprenaline increased the Ca®* signal speed propagation in
both subcompartments of LV-A cardioids but not in the single
cardioids (Figures 7J and 7K). The reverse effect was observed
with ivabradine, where the individual A cardioid was affected
but not the LV-A cardioid. Thus, the platform allows us to screen
for specific drug effects in single cardioids, within interacting
subcompartments, and in a whole multi-chamber cardioid.
Together, these results validate that we can discern early
developmental effects of mutations, known teratogenic and ar-
rhythmogenic drugs and therapeutic agents in a human multi-
compartment cardiac platform and relate these to cardiac de-
fects observed in patients. Thus, our work has broad implications
for studying the effects on human cardiac biology in contexts
ranging from therapeutic development to environmental studies.

DISCUSSION

Recently, several self-organizing human heart models have
been reported, including cardiac and cardio-endodermal

Figure 7. A multi-chamber cardioid platform for screening teratogen/drug-induced cardiac defects

(A-F) All cardioids were induced with teratogens starting from day 0 until day 9.5. Ctr, control. (A) Representative whole-mount images of hPSC-TNNI1-GFP-
derived cardioids in indicated conditions. Scale bars, 500 um.(B) Representative RT-qPCR of thalidomide-treated cardioids showing lineage-specific genes. (C)
Immunostained cryosections of A cardioids treated with thalidomide. (D) Representative whole-mount images of hPSC-TNNI1-GFP-derived cardioid subtypes
treated with acitretin as indicated. Scale bars, 500 um. (E) Cryosections of hPSC-TNNI1-GFP-derived cardioid subtypes treated with acitretin as specified. (F)
Representative RT-qPCR of acitretin-treated cardioids.

(G-K) Ca®* signal analysis for indicated cardioid subtypes. At day 9.5, before drug treatment (pre-drug) and after drug treatment (drug) of DMSO (control),
ivabradine, isoprenaline, and Bay K 8644. N = 2, n = 16. Check Table S3 for speed analysis exclusions. (G) Percentage of cardioids with calcium activity. Dots: N.
(H) Percentage of cardioids with calcium re-entry. Dots: N. () Fold change of Ca®>* waves/min normalized to pre-drug. Dots: n. (J) Fold change of signal prop-
agation speed normalized to pre-drug. Dots: n. (K) Fold change of speed per segment normalized to pre-drug. Dots: n. hPSCs: WTC11. Indicated day of analysis
(D). Scale bars, 200 um, except where specified. All bar graphs show mean + SD. Statistics: one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns:
not significant.

N, biological replicate number; n: technical replicate number.

See also Figure S7.
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organoids.**~°® Because this earlier work did not delineate rela-
tionships with aSHF, pSHF, and FHF lineages, the resulting iden-
tities and physiology of the cardiac cell types have remained un-
clear. As a result, ratios of different CM subtypes, heterogeneity,
and the structures they form in vitro are challenging to control
and relate to the in vivo heart. To complement the embryo gold
standard model, we demonstrated that our platform is versatile,
highly efficient, reproducible, compatible with multiple cell lines,
and screenable in high throughput using multiple readouts (Ca®*
transients, contraction movies, FluoVolt, MEAs, morphology,
and gene expression) on single-compartment or multi-chamber
cardioids.

Several reports describe atrial and ventricular CMs differen-
tiated from hPSCs, but whether these originate from the FHF,
aSHF, or pSHF lineage has not been determined.*'**° In vivo,
the dosage and timing of signaling are coordinated to drive
lineage specification during mesoderm induction, and as
mesodermal cells migrate at different times, taking defined
positions within the heart fields. We found that stage-specific
levels of Activin/Nodal, WNT, BMP, and RA signaling instruct
specification into distinct SHF, AVC, and FHF progenitors
consistent with the signaling environment in the anterior region
of the embryo and recent in vitro findings.'*'*° Specifically,
Activin/Nodal signaling inhibition is crucial to determining
SHF lineage fate choice, which was not highlighted before
in vivo or in vitro. We also showed that the role of RA signaling
was more complex in terms of dosage and timing than previ-
ously thought.*"*° The absence of exogenous RA signaling is
essential for initial aSHF specification and later OFT differenti-
ation, low RA levels for LV specification, high RA levels for
early atrial, and later RV specification. Thus, only highly
specific combinations of mesoderm induction and patterning
signals allow for mimicking the identities, (morphogenetic) dy-
namics, and later functionality of the developing cardiac line-
ages, enabling the control and dissection of progenitor sorting
and chamber interaction mechanisms.

Interactions between cardiac lineages during the earliest
stages of heart development, including cardiac mesoderm spec-
ification, morphogenesis, and functional differentiation, are
notoriously difficult to analyze and inaccessible in human em-
bryos. In addition, studies of human embryo development reveal
a growing list of differences between species in expression pat-
terns of critical developmental and functionality genes.>¢":5
Such aspects are key to understanding the human-specific
impact of mutations and teratogens on early human heart devel-
opment and how this causes embryo failure. A significant
advance of our work is the deep and comprehensive phenotyp-
ing that we used to explore the ontology of contraction signal
propagation, differentiation speed, specification direction, effi-
ciency, and morphogenesis through the early stages of cardio-
genesis. This is particularly important to understand cases of
embryonic cardiac failure that have been attributed to faulty
specification and morphogenesis but where defects in early
contraction signal propagation between chambers might have
been the culprit.

In conclusion, despite decades of experimental and clinical
research, the underlying causes of most cardiac defects remain
unknown. Potential culprits include still unidentified mutations in
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regulatory elements such as enhancers; environmental factors
such as pollutants; and more complex interactions between ge-
netic and environmental factors, including drugs and diet. Previ-
ously, we lacked a system to test all these options in a human
context with high throughput, encompassing all cardiac com-
partments, and the multi-chamber cardioid platform will allow
us to close this gap.

Limitations of the study

Despite its usefulness, the cardioid system has several limita-
tions at this stage of development. This work focuses on the
comprehensive modeling of early specification, morphogenesis,
and signal contraction propagation of the human embryonic
heart. However, we have not modeled processes such as
aSHF/pSHF progenitor migration and heart looping, nor interac-
tion with the endoderm where other complementary in vitro sys-
tems might be more suitable to compare with the embryo.>*°":63
Later stages and processes during heart development have not
been represented yet in cardioids, including forming valves, sep-
tation, pacemakers, chamber trabeculation and ballooning, cor-
onary vasculature and circulation, and the general growth and
maturation®* of the heart. Thus, the multi-chamber platform
has been validated mainly using mutations and teratogens
affecting the earliest stages while providing, at the same time,
a solid basis for further developments.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Donkey anti-Goat 19gG, Secondary Antibody, Alexa Thermo Scientific Cat# A21447
Fluor 647

Chemicals, peptides, and recombinant proteins

RNA-scope probe HOXB1 Bio-Techne Sales Corp. N/A
RNA-scope probe TBX1 Bio-Techne Sales Corp. N/A

HCR probe WNT5A Molecular Instruments N/A

HCR probe IRX4 Molecular Instruments N/A

HCR amplifier B3 (Alexa-546) Molecular Instruments N/A
Antibiotic-Antimycotic Thermo Scientific #15240062
Y-27632 Tocris #1254
Vitronectin XF Stem Cell Technologies #7180
Laminin-511 E8 fragment AMSBIO #AMS.892 011
Fibronectin Sigma-Aldrich #F1141
Zebrafish FGF2 Cambridge University N/A

hFGF2 QKine #Qk053
TGFB1 R&D Systems 240-B-010
LY294002 Tocris #1130

Activin A Cambridge University Activin A1
BMP4 R&D Systems 314-BP-050
CHIR99021 R&D Systems RD-4423/50
Insulin Roche #11376497001
VEGF165 Peprotech AF-100-20
IWP2 Tocris #3533
Retinoic Acid Sigma-Aldrich #R2625
SB431542 Tocris #1614
LDN-193189 Stemgent 04-0074
LY-411575 MedChemExpress HY-50752
Dexamethasone Sigma-Aldrich D4902
Indomethacin Sigma-Aldrich 17378

T3 hormone Sigma-Aldrich T6397
Chemically Defined Lipid Concentrate Thermo Scientific 11905031
PD0325901 Axon Med Chem #Axon1408
SB203580 R&D Systems #1202
PDGF-BB R&D Systems 220-BB-050
L-lactate Sigma-Aldrich #71718-10G
Glucose Sigma-Aldrich #G7021-1KG
Vitamin B12 Sigma-Aldrich #V6629-250MG
Biotin Sigma-Aldrich #B4639-100MG
Creatine monohydrate Sigma-Aldrich #C3630-100G
Taurine Sigma-Aldrich #T0625-10G
L-Carnitine Sigma-Aldrich #C0283-5G
Non-Essential Amino Acids Solution Thermo Scientific #11140050
B-27 Supplement Thermo Scientific #17504044
KnockOut Serum Replacement Thermo Scientific #10828028
Thalidomide Sigma-Aldrich T144
Acitretin Sigma-Aldrich A0225000
Aspirin Tocris 4092
4-Aminopyridine Thermo Scientific A12405.18

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Perfluoro-n-octane sulfonate (PFOS) Thermo Scientific 16359117
Polystyrene latex microsphere, 0.05 micron Thermo Scientific 042711.AB
SP-DilC18(3) (Dil) Invitrogen D7777
DilC18(5)-DS (DiD) Invitrogen D12730
Donkey Serum Bio-Rad Laboratories C06SB
Isoprenaline Tocris 1747
Ivabradine Tocris 6542
Bay K 8644 Tocris 1546
16% Formaldehyde Thermo Scientific #28908
Sodium chloride (NaCl) Sigma-Aldrich S7653-1KG
Potassium chloride (KCI) Sigma-Aldrich P9333-500G
Calcium chloride dihydrate (CaCl2) Sigma-Aldrich C3881-500G
Magnesium chloride hexahydrate (MgCI2) Sigma-Aldrich M2670-100G
Sodium hydroxide solution (NaOH) Sigma-Aldrich 72068-100ML
EGTA Sigma-Aldrich 03777-50G
Adenosine 5'-triphosphate magnesium Sigma-Aldrich A9187-1G
salt (MgATP)
Potassium hydroxide solution (KOH) Sigma-Aldrich 1.09108.1000
Hank’s Balanced Salt Solution (HBSS) Gibco #14175-053
TrypLE Express Gibco #12605010
DMEM/F12 with HEPES Gibco #11330032
Insulin-Transferrin-Selenium Gibco #41400045
L-Ascorbic Acid 2-phosphate Sigma-Aldrich A8960
Sodium Bicarbonate (7.5%) Gibco #25080094
F12 (with Glucose) Gibco #31765068
IMDM Gibco #21980065
DMEM with low glucose Sigma-Aldrich G8644
Monothioglycerol (MTG) Sigma-Aldrich M6145
Bovine Serum Albumin (BSA) Europa Bioproducts EQBAH-0500
PBS Gibco #14190094
STEMdiff cardiomyocyte dissociation kit Stem Cell Technologies #05025
Endothelial Cell Growth Medium MV PromoCell #PC-C-22020
DMEM no Glucose Gibco #11966025
Albumax Thermo Scientific #11020021
HEPES Sigma-Aldrich H4034-500G
Cas9 2NLS Nuclease Synthego N/A
Deposited data
bulk RNA sequencing data GSE239891 Gene Expression Omnibus: SuperSeries
GSE239891.
single cell RNA sequencing data GSE239890 Gene Expression Omnibus: SuperSeries
GSE239890.
Signal Propagation Analysis Pipeline Original Code [Zenodo]: [doi.org/10.5281/zenodo0.8354912]
Experimental models: Cell lines
H9 WiCell N/A
178/5iPSC IMBA Stem Cell Core Facility in-house
CAG-GCaMP6fWTC iPSC HeartBeat.Bio in-house
TNNT2-GCaMP6f WTC iPSC HeartBeat.Bio in-house
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REAGENT or RESOURCE SOURCE IDENTIFIER
TNNT2-GFP WTC iPSC HeartBeat.Bio in-house
Wild-Type WTC iPSC Coriell Institute for Medical GM25256

MYL7-GFP WTC iPSC
TNNI1-GFP WTC iPSC
HIST1H2BJ-GFP WTC iPSC
LMNB1-WTC iPSC

ISL1 KO WTC iPSC

TBX5 KO WTC iPSC

FOXF1 KO WTC iPSC
GCaMP6f WTC iPSC

Research

Allen Institute for Cell Science
Allen Institute for Cell Science
Allen Institute for Cell Science
Allen Institute for Cell Science
This paper

This paper

This paper

This paper

AICS-0052-003
AICS-0037-172
AICS-0061-036
AICS-0034-062
N/A
N/A
N/A
N/A

Oligonucleotides

See Table S3 for all oligonucleotide and RNA sequences

Recombinant DNA

pAAVS1-PC-GCaMP6f
AAVS1 TALEN L &R

Bruce Conklin Lab
Hofbauer et al.’®

Addgene plasmid ##73503
N/A

Software and algorithms

Fiji/imaged V2.0

Flowdo V10

Adobe Creative Suite
pPCLAMP software v.10.0

Rstudio
Matlab custom code

Prism 8

Python Custom Code
PATCHMASTER NEXT software
BrainWave 4

Cellranger v7.1.0

Schindelin et al.®*

FlowdJo, LLC
Adobe
Molecular Devices

Rstudio
Mathworks

Graphpad Software Inc.
Python

HEKA Elektronik GmbH
3Brain

10X Genomics

https://imagej.net/Fiji.html
https://www.flowjo.com/
https://www.adobe.com/creativecloud.html#

https://www.moleculardevices.com/systems/
conventional-patch-clamp/pclamp-10-software

https://rstudio.com

https://www.mathworks.com/products/
matlab.html

https://www.graphpad.com
https://www.python.org/
N/A

N/A

https://support.10xgenomics.com/
single-cell-gene-expression/software/pipelines/
latest/installation

Size and Sorting Analysis HeartBeat.Bio N/A

Other

Ultra-Low Cluster, U-bottom 96-well plates Corning #7007
35mm tissue culture-treated dishes Corning #430165

96 well plate Greiner Bio-One #655182
ART™ Wide Bore Filtered Pipette Tips Thermo Scientific #2069G
Chromium Next GEM Single Cell Fixed RNA 10x Genomics PN-1000414

Sample Preparation Kit

Multiplex-compatible Chromium Next GEM Single
Cell Fixed RNA Human Transcriptome Probe kits

Chromium Next GEM Single Cell Fixed RNA Gel
Bead Kit,

Chromium Next GEM Chip Q Single Cell Kit

Chromium Next GEM Single Cell Fixed RNA
Hybridization & Library Kit,

Polypropylene Fibers

MEA anchors

Glass capillaries

10x Genomics

10x Genomics

10x Genomics
10x Genomics

Sterlitech
3Brain or IMBA workshop
Harvard Apparatus

PN-1000420/1000456

PN-1000421

PN-1000422
PN-1000415

#10047100
N/A
#BS4 64-0792
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Sasha
Mendjan (sasha.mendjan@imba.oeaw.ac.at).

Materials availability
Resources and materials will be provided upon reasonable request. Knock-out cell lines TBX5, FOXF1, and ISL1 are available from
the lead contact upon request.

Data and code availability
- RNA-seq data has been deposited to the NCBI Gene Expression Omnibus and is accessible through the GEO accession num-
ber GSE239891 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE239891). All other data can be requested from the
lead contact.
- The original code has been deposited at Zenodo and is publicly available. DOI is listed in the key resources table.
- Any additional information required to reanalyze the data reported in this working paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human pluripotent stem cell (hPSC) lines

The WiCell Institute (USA) provided human H9 (female) ES cell lines. The WTC iPS cell line (male, skin fibroblast-derived) was devel-
oped at Dr. Bruce R. Conklin’s laboratory (Gladstone Institute of CardiovascularDisease, UCSF, USA) and purchased from the Coriell
Institute for Medical Research (USA). The Allen Institute for Cell Science’s reporter cell lines are derived from the WTC11 cell line and
received from the Coriell Institute for Medical Research (USA). The human iPS cell line 178/5 (male, fibroblast-derived) was generated
by the IMBA Stem Cell Core Facility, complying with Austrian and European legislation. We tested potential sex-specific gene expres-
sion differences using RT-QPCR for KCNE1, MYL4, and SCN10A in all our cardioid subtypes using two female (HQLVS and IMBA
177/18) and two male (WTC and IMBA 178/15) hPSC lines. We did not observe any significant expression difference (data not shown).

METHOD DETAILS

hPSC culture

The E8 culture system®® was used to cultivate all human pluripotent stem cell lines in a customized in-house medium. 0.5 percent
BSA (Europa Biosciences, #£EQBAH70), in-house manufactured human FGF2 (200ng/ml) or thermal stable Qkine FGF2 ( #Qk053)
at 5.5-10 ng/mL), and 1.8 ng/ml TGFb1 were added to the original E8 mix (R&D RD-240-B-010). Cells were cultured on Vitronectin
XF (Stem Cell Technologies) coated Eppendorf (Eppendorf SE, #0030 721.110) or TPP (TPP Techno Plastic Products AG, #92012)
tissue culture-treated plates and passaged every 2-4 days at approximately 70 percent confluency using Try-pLE Express Enzyme
(GIBCO, #12605010). The absence of Mycoplasma contamination in cells was regularly tested.

Generation of ISL1, TBX5, and FOXF1 knock-out hPSCs

ISL1, TBX5, and FOXF1 were knocked out in WTC cells using CRISPR/Cas9 multi-guide sgRNAs (Synthego) for target sites on Exon 3
for ISL1, Exon 5 for TBX5, and Exon 1 for FOXF1 (Figures M11-K). Cells were transfected using the P3 Primary Cell 4D-Nucleofector X
Kit S (Lonza-BioResearch, #: V4XP-3032) and Amaxa 4D-Nucleofector (Lonza-BioResearch). Post nucleofection, cells were incu-
bated in E8 supplemented with 5uM Y-27632 (Tocris, #72302) on a 6-well plate previously coated with Vitronectin XF (StemCell Tech-
nologies, #7180). After two days, the medium was changed to E8 without Y-27632 every other day.

Once cells were approx. 70% confluent, single-cell seeding was performed, and the rest of the cells were collected for gDNA
extraction. Successful editing was first assessed on a pool level using agarose gels and Sanger sequencing. Subsequently, single
colonies were picked and genotyped to confirm a knockout. Colonies were collected with the help of a microscope (EVOS) and trans-
ferred into a pre-coated 96-well plate (Corning, Cat #CLS3370) with 150l E8/well supplemented with 5uM Y-27632 and Antibiotic-
Antimycotic. Genome editing on a pool and clonal level was analyzed using Synthego’s online tool ICE (https://ice.synthego.com/#/).
Genotypes of clones used in the analysis resulted in the following deletions: for ISL1 KO: -51/-51, chrb: 51387516-51387566; for
TBX5 KO: -129/-129, chr12: 114363640-114363768; for FOXF1 KO: -143/-143, chr16: 86510835-86510977.

Cardioid generation

hPSCs are seeded in a 24-well plate (TPP, #92024) at 30-40k cells per well in E8 + ROCKIi (5 uM Y-27632, Tocris #1254). All differ-
entiation media are based on CDM that consists of 5 mg/ml bovine serum albumin (Europa Biosciences, #£EQBAH70) in 50% IMDM
(Gibco, #21980065) plus 50% F12 NUT-MIX (Gibco, #31765068), supplemented with 1% concentrated Lipids (Gibco, #11905031),
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0.004% monothioglycerol (Sigma, #M6145-100ML) and 15 pg/ml of transferrin (Roche, #10652202001). 24 hours after seeding in the
24-well plate, the cells are induced with mesoderm induction media. Mesoderm induction media is made up of CDM containing FGF2
(80 ng/ml, Cambridge University) (alternatively QKine FGF2 (5.5 ng/mL Qk053)), LY294002 (5 uM, Tocris, #1130), Activin A (specific
concentrations for different cardioid subtype, Cambridge University), BMP4 (10 ng/ml, R&D Systems RD-314-BP-050), and
CHIR99021 (specific concentrations for different cardioid subtypes, see below, R&D Systems RD-4423/50). After 36-40 hours, cells
are dissociated with TrypleE (Gibco, #12605010) and seeded in a Corning ultra-low attachment 96 well plate (Corning, #7007) at 15-
20k cells/ well in Cardiac Mesoderm Patterning Media One made up of CDM containing ROCKIi and for all protocols besides the LV
cardioids 1 pg/ml of insulin (Roche, #11376497001) plus specific factors depending on cardioid subtype (see below). After
seeding, the cells are spun down in a centrifuge for 4 mins at 200g. This protocol is termed 2D-3D standard protocol, used in all
Figures unless otherwise specified. Alternatively, hPSCs were seeded into Corning ultra-low attachment 96 well plate with a density
of 5000 cells/well. Cells were seeded in a volume of 200 ml containing E8 + ROCKIi and collected by centrifugation for 5 minutes
at 200 g (Figures 1B, 1C, S1A, and S1B). As another option, 2500 cells/well were seeded directly into induction media +ROCK:i (Fig-
ure S1F) and collected by centrifugation for 5 minutes at 200 g. For both protocols, cells were induced with mesoderm induction me-
dia as described for the 2D->3D protocol. These were termed 3D protocols.

For both protocols, 2D-3D and 3D, at day 2.5, the cells are fed with Cardiac Mesoderm Patterning Media One. For the next
two days, the medium is changed to Cardiac Mesoderm Patterning Media Two, made up of CDM containing specific factors depend-
ing on the cardioid subtype (see below) and exchanged daily. For the subsequent two days, media is exchanged every day with Car-
diomyocyte Differentiation Media CDM medium containing BMP4 (10 ng/ml), FGF2 (8 ng/ml), and insulin (10 pg/ml)). This
medium was termed Cardiomyocyte Specification Media.'® For the subsequent days of culture, media is exchanged every other
day with CDM containing insulin (10 pg/ml). Alternatively, the whole protocol can be done in 2D completely by seeding 80,000 —
170.000 cells/24-well coated with vitronectin and adding the medium on the same timeline as the cardioids (Figures 1B and S1F).
This was termed 2D differentiation.

Cardioid Subtype Differentiation
Mesoderm Induction Media for all cells lines unless otherwise specified. (day 0 - 1.5)
LV (FHF-derived). Activin 5 ng/mL and CHIR99021 at 3 uM (for H9’s 1 uM).

RV (aSHF-derived) atria (pSHF-derived), and OFT. Activin 50 ng/mL and CHIR99021 at 4 uM (for H9’s 1.5 uM).

AVC differentiation. Activin 10 ng/mL and CHIR99021 at 2 uM (H9’s not optimized for AVC).
Cardiac Mesoderm Patterning Media 1 (day 1.5 - 3.5)
LV (FHF-derived). BMP4 (10ng/ml), FGF2 (8 ng/ml, Cambridge University) (alternatively, QKine FGF2 (1.466ng/mL, Qk053)), insulin
(10 ng/ml), C59 (2 uM, Tocris, #5148/10) and retinoic acid (50 nM, Sigma Aldrich, #R2625).

RV (aSHF-derived). The TGF-beta inhibitor SB 431542 (10 uM, Tocris, #1614/10) and either C59 (2 uM) (Figures 5, 6, and 7) or XAV-
939 (5 uM, SelleckChem, # S1180) (Figures 1, 2, 3, and 4).

OFT. SB 431542 (10 uM) and XAV-939 (5uM).

Atria (pSHF-derived). SB 431542 (10 uM), XAV-939 (5uM) and retinoic acid (500 nM).

AVC. SB 431542 (10 uM), XAV-939 (5uM), retinoic acid (500nM) and BMP4 (10ng/ml).
Cardiac Mesoderm Patterning Media 2 (day 3.5 - 5.5)
LV (FHF-derived). BMP4 (10ng/ml), FGF2 (8 ng/ml, Cambridge University) (alternatively, QKine FGF2 (1.466ng/mL, Qk053)), insulin
(10 pg/ml), C59 (2 pM) and retinoic acid (50 nM)) (Hofbauer et al.’®).

RV (aSHF-derived). either C59 (2 uM)(Figures 5, 6, and 7) or XAV-939 (Figures 1, 2, 3, and 4) (5uM), BMP4 (10ng/ml), FGF2 (8 ng/ml,
Cambridge University) (alternatively, QKine FGF2 (1.466ng/mL, Qk053)), insulin (10 png/ml), and retinoic acid (500nM).

OFT. XAV-939 (5uM), BMP4 (10ng/ml), FGF2 (8 ng/ml, Cambridge University) (alternatively, QKine FGF2 (1.466ng/mL, Qk053)) and
insulin (10 pg/ml).

Atria (pSHF-derived) and AVC. XAV-939 (5uM), BMP4 (10ng/ml), FGF2 (8 ng/ml, Cambridge University) (alternatively, QKine FGF2
(1.466ng/mL, Qk053)), insulin (10 pg/ml), and retinoic acid (500nM).

Atria Chamber specification protocol

For the atria specification protocol, atrial cardioids at day 7 were fed CDM medium containing Retinoic acid (500nM, Sigma
Aldrich, #R2625), FGF2 (15ng/mL, Cambridge University), LDN-193189 (200nM, Stemgent, #04-0074) and LY-411575 (3uM,
MedChemExpess, #HY-50752) until day 10. From day 10 until day 21, atrial cardioids were transferred in DMEM with low glucose
(1g/L, Sigma Aldrich, #G8644) containing Dexamethasone (250nM, Sigma Aldrich, #D4902), Indomethacin (50pM, Sigma Aldrich,
#17378), T3 hormone (4nM, Sigma Aldrich, #T6397) and chemically defined lipid concentrate (1X, Invitrogen, #11905031). This pro-
tocol was used in Figures 3G, 3G/, 3J-3N, S3I, and S30; at D7.5, atrial cardioids were indefinitely kept in CDM with insulin (10 ng/
ml) (CDMI).

Ventricular Maturation Protocol

For the ventricular specification protocol, LV and RV cardioids on day 7 were transferred to CDM medium containing Insulin (10pg/ml,
Sigma/Roche, #11376497001), PD0325901 (10uM, Axon Med Chem, #Axon1408) and SB203580 (5uM, R&D Systems, #1202) for
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5 days with one media change after 2 days.”® After this the cardioids were cultured in DMEM no Glucose (Gibco, #11966025) sup-
plemented with L-lactate (10mM, Sigma, #71718-10G), Glucose (5mM, Sigma-Aldrich, #G7021-1KG), Vitamin B12 (5pug/ml, Sigma-
Aldrich, #V6629-250MG), Biotin (0.82uM, Sigma-Aldrich, #B4639-100MG), Creatine monohydrate (5mM, Sigma-Aldrich, #C3630-
100G), Taurine (2mM, Sigma-Aldrich, #T0625-10G), L-Carnitine (2mM, Sigma-Aldrich, #C0283-5G), L-Ascorbic acid 2-phosphate
(0.5mM, Sigma-Aldrich, #A8960-5G), Non-Essential Amino Acids Solution (1x, Thermofisher, #11140050), Albumax (0.5%, Thermo-
fisher, #11020021), B-27 Supplement (1x, Thermofisher, #17504044) and KnockOut Serum Replacement (1x, Thermofisher,
#10828028) until day 30 of differentiation with a media change every other day.* This protocol was used in Figures 21 and S2I-
S2N otherwise at D7.5 LV/RV cardioids were indefinitely kept in CDMI.

2D Endothelial cell differentiation

hPSCs were seeded at 100,000 cells/24-well coated with vitronectin in E8 medium with 5 mM ROCK-i added. The following day,
cells were induced with FLyAB and 1-3 mM CHIR99021 for H9 cells and incubated for 36 — 40 hours. For the next two days, the me-
dium was exchanged to their respective Cardiac Mesoderm patterning media 1 for the FHF, aSHF, and pSHF. After that, CDM with
200 ng/ml VEGF (200 ng/ml, Peprotech, #AF-100-20) and 2 mM Forskolin (Sigma-Aldrich, #F3917) was given for 2 days, and then the
cells were cultured for 1 day in CDM with 100 ng/ml VEGF.

OFT cardioids treatment with EMT-promoting factors

The endothelial to mesenchymal transition (EMT) initation protocol followed the specific media composition of OFT. To induce EMT,
VEGF165 (200ng/mL, Peprotech, AF-100-20) was added to cardiac mesoderm patterning media 2 from day 3.5 to0 5.5. From day 5.5
to day 7.5, the specific media was supplemented with VEGF165 (100ng/mL), TGFb (2ng/mL, R&D Systems, 240-B-010), Qkine FGF2
(1.466 ng/mL, Qk053) BMP4 (100ng/mL, R&D Systems 314-BP-050), and Insulin (10pg/ml, Sigma/Roche, #11376497001). From day
7.5 to day 9.5, cardioids were cultured in CDM supplemented with VEGF165 (100ng/mL), TGFb (2ng/mL, R&D Systems, 240-B-010),
and BMP4 (100ng/mL, R&D Systems 314-BP-050). As a control, cardiomyocyte specification media was followed for each protocol.

Smooth Muscle Cell Differentiation

H9 line cells were seeded at 100,000 cells/24 well coated with vitronectin in E8 medium supplemented with 10uM ROCK-inhibitor.
FHF or OFT 2D protocol was followed up until day 3.5. At day 3.5, the medium was changed to CDM supplemented with Insulin
(10ug/ml), Ascorbic Acid (100ng/ml), TGF-b (2ng/ml), and PDGF (10ng/ml). On the next day (day 5.5), cells were dissociated with
TrypLE and reseeded at 50.000 -70.000 cells/24 well plate coated with Bovine Fibronectin (2 ug/ml, Sigma, # F1141) in CDM sup-
plemented with 10uM ROCK-inhibitor and PDGF (10ng/ml). Media was changed on the next day with CDM supplemented with
PDGF (10ng/ml), and cells were fixed with 4% PFA on D8.5. As a control, cells were differentiated based on the smooth muscle
cell protocol from Patsch et al.®®

Mixing of progenitors

Cardiac differentiation of different progenitor cell populations (FHF, aSHF, and pSHF) was done in 24 well plates coated with vitro-
nectin until day 3.5 (2D differentiation). Cell populations were labeled using different colored cell lines (WTC: H2B-GFP, WTC:
LMNB1-RFP). On day d3.5, progenitor cells were dissociated by adding 200 ul Try-pLE Express Enzyme (GIBCO, #12605010) for
3 - 4 min at room temperature. Dissociation was stopped by adding 1 ml of CDM containing ROCK:i (5 mM). After centrifugation
for 4 min at 130 g, cells were resuspended in CDM containing ROCKi (5 mM). Then, two progenitor populations were mixed by seed-
ing 15000 - 20000 cells per progenitor population into ultra-low attachment (corning) into Co-development Patterning Media, con-
taining C59 (2 uM), BMP4 (10ng/ml), FGF2 (8 ng/ml), insulin (10 pg/ml), and retinoic acid (500nM), and ROCKi (5 mM). On day 5.5,
media was exchanged to Cardiomyocyte Specification Media for the following two days.

Generation of multi-chambered cardioids

For the fusion of two chambers, developing cardioids were transferred on day 3.5 using wide opening tips from individual wells of the
96-well Corning ultra-low attachment plate to sharing wells with one other desired cardioid subtype. This can be accomplished with
any combination of LV, RV, or atrial cardioids. For this type of fusion, cardioids were put together in the Co-development Patterning
Medla (Figures 6E-6K and S6E-S6H; Videos S2 and S3). Alternatively, LV progenitors on day 1.5 in 2D could also be combined with
RV or atrial progenitors on 2D of day 3.5 in Co-development Patterning Media to get a multi-chambered cardioid with at least one
shared cavity (Figures 6L-6N and S6l). The two-chamber/multi-chamber cardioids co-develop if fused at these early stages. Later
fusion (e.g., from day 5.5 on) will impair the formation of a shared cavity (Figure S6F).

For the fusion of three cardioids, molds were created with a shape to place the early cardioids that are to be fused in contact with
each other in the order of the natural heart (e.g., a linear order). On day 3.5 of cardiac differentiation, the cardioids were transferred to
the molds in a 10cm dish filled with Co-development Patterning Media using wide opening tips. Using molds, the cardioids could be
arranged in the desired orientation (e.g., first atrial, then LV and RV cardioids, as in vivo). Media was not changed while cardioids were
fusing in the molds from day 3.5-5.5. On day 5.5, the fused cardioids were moved back to the 96-well plate, and media change
continued as described above. To track which cardioids in the fusions arise from which cell population, colored cell lines (WTC:
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H2B-GFP, WTC: LMNB1-RFP) or dyes were used. For this, cells were stained for one hour before induction using SP-DilC18(3) (In-
vitrogen, #D7777) to fluoresce at 564nm or DilC18(5) (Invitrogen, #D12730) to fluoresce at 668nm.

Molds for multi-chamber cardioids

Embedding molds have been designed in Tinkercad and were adjusted in diameter and length based on the cardioid size on the day
of fusion. Files were exported as.stl files and loaded into the slicer software XYZ print 1.4.0. The negative was printed using trans-
parent PLA with 100% infill density and 0.1mm layer height, and 215°C nozzle temperature. After printing, the negative was treated
with a Heatgun (Bosch Hot Air Blower 1800W) at 550°C to carefully melt the surface of the negative, create a smooth finish and re-
move the 3D printing typical rough surface (Figures M1A-1H). The positive was then cast using polydimethylsiloxane (PDMS). In brief,
5ml of curing agent and 45 ml of Monomer (both Sylgard® 184 Elastomer Kit, VWR) were mixed intensively. The mixture was then
spun down to remove air bubbles and directly used. To reduce the extent of bubbles formed during curing, the molds were cast at a
low temperature (40°C). For this, the negative was placed into a 10cm dish and slowly covered with 30 ml of the liquid PDMS mixture.
The negative was then carefully removed from the polymerized PDMS, and the residual PDMS was cut off using a scalpel. The mold
was then stuck to the bottom of a clean 10cm dish using about 5ml of PDMS and cured at 40°C. To sterilize the mold, it was washed in
70% Ethanol for about 30min in the fume hood with UV turned on. For positioning cardioids in the mold, the mold was rinsed once
with PBS and then coated with an anti-adherence rinsing solution (StemCell Technologies, # 07010) to increase the non-stick
behavior of the PDMS further. After coating, the molds were rinsed once with PBS and were then ready to use.

Cardioid total cell number and cell size analysis

Cell counting was performed on live and fixed cells. For fixed samples, cardioids were dissociated using the STEMdiff Cardiomyocyte
Dissociation Kit (Stem Cell Technologies #05025). In detail, for each well of a 96-well plate, 150ul of media was replaced with the
same volume of STEMdiff Cardiomyocyte Dissociation Medium and incubated at 37°C for 10 minutes. After that, samples were
dissociated into smaller clumps using 200l wide-bore pipet tips (Thermofisher #2069G) and further incubated at 37C° for 15 minutes.
After that, clumps were further pipetted gently until a single-cell suspension was achieved. For each cardioid, the whole volume of
suspension was subsequently distributed evenly into two-three wells of a separate 96-well plate, which was pre-filled with 100ul of
4% PFA in PBS supplemented with 10ug/ml Hoechst33342. Cells were distributed evenly by gentle pipetting and allowed to settle for
a minimum of 2 hours before imaging.

For live samples, after removing as much media as possible, 150ul of STEMdiff Cardiomyocyte Dissociation Medium were added
and incubated at 37°C for 10 minutes. Cardioids were dissociated into smaller clumps by pipetting 10-20 times using 200ul wide-
bore tips and further incubated for 2-5 minutes at 37°C. After that, clumps were gently dissociated into single cells with regular
200ul tips and dispersed evenly into 3 wells of 96-well plate filled with pre-warmed 200ul STEMdiff Cardiomyocyte Support Medium
supplemented with 5%FBS and 10ug/mL Hoechst. Cells were allowed to settle for a minimum of 30 minutes and no longer than
1.5 hours before imaging.

Plates were imaged with a Celigo Cytometer microscope (Nexcelom Biosciences, LLC) using the Direct Cell Counting application.
For counting total cell numbers, fluorescent illumination was used. The well mask was adjusted to cover the full well. Analysis settings
(intensity threshold, diameter, cell area, cell intensity range) were adjusted in a way that all nuclei were recognized as individual ob-
jects. For cell size analysis, brightfield illumination was used. Analysis settings were likewise adjusted in a way that cell outlines were
recognized precisely and as separate objects. Only a single tile in the center of the well was imaged to ensure a uniform focus. Wells
that were not in the proper focus to determine cell outlines were excluded. Data were exported and analyzed using Python. The vol-
ume of each cell was calculated from the measured area, assuming a spherical shape. The average cell size from each cardioid was
calculated from the subset of cells imaged in the middle of the well in 3 different wells. Data was then exported, and GraphPad Prism
was used for statistical analysis.

Cryosectioning

Cardioids were fixed with 4% PFA in PBS and cryoprotected with 30% sucrose in PBS before embedding. The embedding was car-
ried out using the O.C.T. cryo embedding medium (Scigen, #4586K1). Embedded tissues were frozen using a metal surface sub-
merged in liquid nitrogen and stored in a —80°C freezer until sectioning on a Leica cryostat. Sections were collected on
SuperFrost Plus slides (Thermo Fisher Scientific, #10149870) and kept at —20°C or —80°C until immunostaining.

Immunostaining

Toremove O.C.T., fixed specimens were washed in 1X PBS for 15 min. Optionally, tissues were placed in a permeabilization solution
of 0.5% Triton-X100 (Sigma-Aldrich, #T8787) for 5 mins to increase antibody permeabilization. Tissues were then incubated in block-
ing solution (PBS (GIBCO, #14190094) with 4% donkey serum (Bio-Rad Laboratories, #C06SB) and 0.2% TritonX-100 for at least
30 min. Subsequently, specimens were incubated for 3 hours at room temperature or overnight at 4°C in a blocking solution contain-
ing the primary antibody. Then, a 20-minute washing in PBS with 0.1% Tween20 (Sigma-Aldrich, #P1379) was performed, followed
by incubation for 1 hour at room temperature in a blocking solution containing the secondary antibody. Finally, tissues were washed
in PBS with 0.1% Tween20. Slides were mounted using a fluorescence mounting medium (Dako Agilent Pathology Solutions,
#S3023) and covered with a cover slip (Menzel-Glaser, #631-0853 VWR).
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RNAscope and In Situ Hybridization Chain reaction (HCR)

RNA-scope was performed with the ACDBio (https://acdbio.com) Manual assay kit using RNAscope Probe-hs-TBX1--2 (Target re-
gion: 100 - 769) and RNAscope Probe-hs-HOXB1--2 (Target region: 528 - 2015) according to the manufacturer’s instructions. RNA-
scope Probe-hs-PPIB-C1 was used as a positive control. The probes were designed and manufactured by ACDBio. HCR fluorescent
in situ was carried out using the HCR kit (v.3), purchased from Molecular Instruments (molecularinstruments.org), according to the
manufacturer’s instructions with the slight modification of adding 100 png/ml salmon sperm DNA to the pre-ampilification solution and
the ampilification solution including the hairpins to reduce nonspecific binding. The HCR probe WNT5A (B3) was designed and man-
ufactured by Molecular Instruments.

Image acquisition and analysis

Spinning disk confocal microscopes (Olympus spinning disk system based on an IX3 Series (IX83) inverted microscope, equipped
with a Yokogawa W1 spinning disc) were used to image fixed tissue sections. Images taken with the confocal microscope that
contain more than one color are composites. Live imaging was carried out using an inverted widefield microscope for brightfield
and fluorescence (Axioobserver Z1 equipped with an sCMOS camera (Hamamatsu Orca Flash 4). Cardioids in 96-well plates
were also imaged using a Celigo Imaging Cytometer microscope (Nexcelom Biosciences, LLC). All images were analyzed with
custom-made scripts created for the Fiji software.®* Size analysis of the cardioids was performed by HeartBeat Bio. Images obtained
with Celigo that contain red or green color are composites.

Flow cytometry

Cardioids (8 cardioids per condition) were dissociated using a 1.5 mL CM dissociation medium (Stem Cell Technologies, #05025) for
7 - 10 min at 37°C. Dissociation of CMs was stopped by adding 7.5 ml of the support medium. After centrifugation for 4 min at 130 g,
cells were resuspended in 600 pl PBS with 0.5 mM EDTA (Biological Industries, #01-862-1B) and 10% FBS (PAA Laboratories, #A15-
108). Cells were acquired with a FACS LSR Fortessa Il (BD) and analyzed with FlowJo V10 (FlowdJo, LLC) software. FACS sorting was
performed using a Sony SH800 Cell Sorter (Sony Biotechnology).

RNA extraction and bulk RNA-seq preparation

RNA was isolated using an in-house RNA bead isolation kit semi-automated using KingFisher devices (KingFisher Duo Prime). Using
the QuantSeq 30 mRNA-Seq Library Prep Kit FWD (Lexogen GmbH, #015), the bulk RNA-seq libraries (N=3, n=8) were generated
according to the manufacturer’s instructions. After the preparation of the libraries, samples were checked for an adequate size dis-
tribution with a fragment analyzer (Advanced Analytical Technologies, Inc). Then the RNA-seq library was submitted to the Vienna
Biocenter Core Facilities (VBCF) Next-Generation-Sequencing (NGS) facility for sequencing.

Real-time quantitative polymerase chain reaction

The isolated RNA was reverse transcribed to cDNA using the Reverse Transcription Kit (Invitrogen, #18080044) with a C100 Touch
Bio-Rad Thermal Cycler. Quantitative PCR was performed using the GoTag gPCR master mix 2x (Promega, #A6001) with a Bio-Rad
CFX384 Real-Time thermal cycler. Values of gene expression of each sample were obtained in triplicates. The Log-fold change of the
sample from PBGD as a housekeeping gene and a pluripotent stem cell sample for normalization was calculated using a custom-
made script written in Python. Primer pairs are specified in Table S1. The most significant fold change for each gene in the heatmaps
is specified in Table S2.

Sample preparation for scRNA-seq

For scRNA-seq, cardioids (two biological replicates (except atria only one biological replicate) 16-36 cardioids per condition and bio-
logical replicate were pooled together. For all protocols, except atria, we used cardioids from two biological replicates from two
different lines (WTC:TNNI1 and WTC:TNNT2). Atrial cardioids were differentiated using the WTC:TNNI1 line. LV cardioids were
collected at day 7.5, whereas for all other protocols, cardioids were collected at day 9.5. RV, OFT and AVC cardioids were cultured
in CDMI medium from d7.5 until day 9.5. Atrial cardioids were kept in the atrial chamber specification medium from day 7.5 until day
9.5. Cardioids were dissociated using a 2 mL CM dissociation medium (Stem Cell Technologies, #05025) for 7 - 10 min at 37°C.
Dissociation of CMs was stopped by adding 10 ml of the support medium. The cell suspension was spun down at 400 g for 4min
at 4°C. The supernatant was aspirated, and the cell pellet was resuspended in 400ul ice-cold PBS/BSA (1%). The cells were submit-
ted to the VBCF NGS facility for fixation (PFA) and library preparation using the 10x Genomics Chromium platform (Single Cell Gene
Expression Flex) (10x Genomics, CA, USA). Four samples were grouped together, and for hybridization, 36.000 - 146.000 cells per
sample were used. The four pooled samples were sequenced as one multiplex in one lane.

Contraction Analysis

Cardioids were fed fresh CDMI media 1-2 hours before recordings. The 96-well plate was placed in an environmentally controlled
stage incubator (370C, 5% CO2, water-saturated air atmosphere, Okolab Inc, Burlingame, CA, USA). Each well was imaged using
widefield phase-contrast microscopy (Axioobserver Z1 (inverted) with sCMOS camera, Zeis) at 100 frames per second for 30-60 sec-
onds. Videos were then analyzed using MUSCLEMOTION; the data was read into custom-made software for reported calculations.
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Percent beating was defined by whether the cardioid beat once within the entirety of the recording. Beats per minute were calculated
by counting the total number of beats in the video, dividing them by the length of the video in seconds, and multiplying by 60. The
extent of contraction is the amplitude given from MUSCLEMOTION divided by the size of the cardioid.

Calcium Transients - Cell Line Generation and Imaging

To generate a WTC line expressing the GCaMP6f sensor, an AAVS1-integrating construct with a CAG or a TNNT2 promoter followed
by the GCaMP8f sequence was chosen and introduced as previously described.'® Cardioids were differentiated as either single (LV,
RV, Atrial, and AVC) or multi-chamber cardioids using the protocol above. Fresh CDMI was replaced 1-2 hours before recordings.
The 96-well plate was placed in an environmentally controlled stage incubator (37°C, 5% CO2, water-saturated air atmosphere, Oko-
lab Inc, Burlingame, CA, USA). Each well was imaged using widefield microscopy (Axioobserver Z1 (inverted) with sCMOS camera,
Zeiss) at 50-100 (optimally 50) frames per second for 30-60 seconds. Cardioids were excited at 470 + 10 nm using a light-emitting
diode (LED).

Drug Testing

For drug testing, the media of cardioids was changed to CDM without BSA and incubated for one hour to be scanned prior to drug
addition. Then the media was exchanged to 100 pl of media without BSA that contains drugs (final concentrations: 6pM ivabradine,
Tociris, #6542 or 2uM Bay K 8644, Tocris, #1546 or Isoprenaline 2 uM Tocris #1747) or DMSO (final concentration of 0.02%) control.
After drug addition and incubation for one hour, the plates were re-scanned as described above.

Patch clamp recordings of single cardiomyocytes

Cardioids were dissociated using the STEMdiff Cardiomyocyte Dissociation Kit (Stem Cell Technologies #05025) according to the
manufacturer’s protocol and subsequently seeded at low density in Laminin-511 E8 Fragment (AMSBIO #AMS.892 011, 0.5 ng/
cm?) coated 35 mm tissue culture-treated dishes (Corning #430165). Cells were maintained in CDMI at 37°C in a humidified incubator
with 5% CO,, and whole-cell patch clamp experiments were performed on single beating cardiomyocytes 5 — 13 days post-plating at
37°C in a stage mounted Heated Chamber Stage (ALA Scientific Instruments) employing a PTC-20 Temperature Controller (npi elec-
tronic GmbH). Glass micropipettes with resistances of 1.5 - 4 MQ were pulled from glass capillaries (Harvard Apparatus #BS4 64-
0792) using a Sutter P-1000 Micropipette Puller (Sutter Instrument). The extracellular solution consisted of the following (in mM): 148
NaCl (Sigma-Aldrich S7653-1KG), 5.4 KCI(Sigma-Aldrich P9333-500G), 1.8 CaCl, (Sigma-Aldrich C3881-500G), 1 MgCl, (Sigma-
Aldrich M2670-100G ),15 Glucose (Sigma-Aldrich G8270-1KG), 15 HEPES (Sigma-Aldrich H4034-500G), with pH adjusted to 7.4 us-
ing NaOH (Sigma-Aldrich 72068-100ML). The intracellular pipette solution contained the following (in mM): 150 KCI, 5 NaCl, 2 CaCl,,
5 EGTA (Sigma-Aldrich 03777-50G), 10 HEPES, 5 MgATP (Sigma-Aldrich A9187-1G), with pH adjusted to 7.2 using KOH (Sigma-
Aldrich 1.09108.1000). Data was sampled at 10 kHz and Bessel filtered at 2.9 kHz using a HEKA EPC 10 USB Quadro (HEKA Elek-
tronik GmbH) employing PATCHMASTER NEXT software (HEKA Elektronik GmbH). Spontaneous electrical activity was recorded in
current clamp mode and analyzed using MATLAB (MathWorks). Action potential amplitudes were measured from peak to maximum
diastolic potential, and APD values were calculated from action potential peak to the respective percentage of the APs repolarization
in relation to the amplitude. Parameters were individually calculated for 15 — 20 consecutive action potentials per cell and then aver-
aged. Fridericia correction was used to account for beat rate-dependent differences in APD.®’

Optical action potentials

Cardioids were dissociated the same way for patch-clamp experiments, see the previous section, and seeded at 40k cells per well
into 96 well-plate (Greiner Bio-One, #655182) wells previously coated with Laminin-511 E8 Fragment (AMSBIO, #AMS.892 011,
0.5 ug/cm?). Cells were kept at 37°C in a humidified incubator with 5% CO? for 7 to 11 days, and the medium was exchanged every
two to three days. CM monolayers were loaded with 0.7 times the manufacturer’s suggested amount of the voltage-sensitive dye
Fluovolt (FluoVolt™ Membrane Potential Kit (Thermo Fisher Scientific, #F10488)) after three repeated wash steps with Hank’s
Balanced Salt Solution (HBSS, Gibco, #14175-053). Loading was performed at room temperature for 30 minutes, after which the cells
were washed with HBSS three more times. The 96-well plate was then placed in an environmentally controlled stage incubator (37°C,
water-saturated air atmosphere, Okolab Inc, Burlingame, CA, USA), and fluorescence signals were recorded at an excitation wave-
length of 470 + 10 nm using a light-emitting diode (LED), and emitted light was collected by a photomultiplier (PMT, Cairn Research
Ltd. Kent, UK). Fluorescence signals were digitized at 10 kHz. 20 s recordings were subsequently analyzed offline using custom-
made MATLAB (MathWorks) software. APDs were measured at 30%, 50%), and 90% repolarization. APD values were calculated
from the action potential peak to the respective percentage of the amplitude’s repolarization. Parameters were individually calculated
for all recorded action potentials per well and then averaged. The number of analyzed action potentials per well typically ranged be-
tween 5 and 20.

Multiple Electrode Array (MEA)

MEA was used to perform the electrophysiological recordings of the extracellular field potential. BioCAM DupleX (3Brain), along with
a single-well Accura MEA chip (3Brain) were employed. The MEA chip consists of 4096 gold-coated electrodes, with a pitch of 60 um,
covering an area of 3.8 x 3.8 mm. The MEA chip reservoir was rinsed with 70 % ethanol to sterilize, followed by 4 washes with Milli-Q
water. Then, PBS was added, and chips were left overnight with PBS to enhance connectivity. Next, PBS was removed without
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complete drying, and cardioids on d9.6 (for single cardioids) and between d12-15 (for multi-chamber cardioids) of differentiation were
carefully placed at the center of the MEA chip using 200ul wide-bore pipette tips (Thermofisher #2069G). To secure their position and
maximize the contact area between the cardioids and the chip, a 10um, 47mm polypropylene fiber membrane (Sterlitech #10047100)
cut down to the size of the electrode area, was placed on top of the organoid, followed by a homemade anchor. Finally, 1.5 mL
of CDMI was added to the reservoir, and the MEA chips were kept overnight at 5% CO, incubator at 37 °C to further improve con-
nectivity. Recordings were conducted using BrainWave 4 software, using cardiac organoid settings. Recordings were performed at
37 °C, and the entire chip was covered with a black lid to prevent light exposure. Field potential signals from beating cardioids were
acquired through a 5 Hz high-pass filter, and a 1.1 electrode was used as a reference electrode. The stability of the waveforms was
confirmed for a period of 5 to 10 minutes to ensure consistency before a 5-minute recording.

Drug testing with 4AP

To establish the baseline, each cardioid was recorded for 5 minutes before the addition of DMSO or 4AP, hereafter referred to as the
pre-drug recording. DMSO was added to the cardioids after 1.5 minutes of a 5-minute recording. Then, the DMSO was washed out,
old media was aspirated and replaced by 1.5 ml of 1x PBS 3 times. Following wash-out, fresh CDMI was added to the chamber. Then,
a second pre-drug recording was required to show the previous baseline was established. 50 Mol 4AP (Thermo Fisher Scientific
#A12405.18) was added to the media of cardioids at 1.5 minutes of a 5-minute recording.

QUANTIFICATION AND STATISTICAL ANALYSIS

Degree of sorting quantification

To quantify the degree of sorting in cardioids with mixed progenitors (labelled by using either WTC: H2B-GFP or WTC: LMNB1-RFP
line), we analyzed the cross-section of the cardioids. To ensure comprehensive coverage of all cells in the organoids, we superim-
posed the GFP and RFP signals using maximum intensity projection. From the maximum intensity projections, we approximated the
cell center and thus the position of each cell in the organoid. Next, we calculated the total number of cells in a circle with a radius of
100 pixels centered on each cell. This circle served as the region of interest (ROI) for cell counting. We quantified the number of GFP-
positive and RFP-positive cells within this ROI for each cell. The average ratio of GFP-positive to RFP-positive cells for all cells in-
dicates the mixing pattern of the cell populations within the cardioid(s). A ratio of 1 indicated a perfectly mixed population, while de-
viations from 1 suggested varying degrees of segregation or spatial organization. The Degree of sorting was calculated by subtracting
1 from the ratios, so no sorting is represented by 0, and anything above 0 indicates sorting. Analysis performed by HeartBeat Bio.

Bulk RNA-seq analysis

Reads were preprocessed using umi2index (Lexogen) to add the UMI sequence to the read identifier, and trimmed using BBDuk
v38.06 (ref = polyA.fa.gz,truseq.fa.gz k = 13 ktrim = r useshortkmers = t mink = 5 gtrim = r trimq = 10 min length = 20). Reads mapping
to abundant sequences included in the iGenomes NCBI GRCh38 references were removed using bowtie2 v2.3.4.1 alignment. The
remaining reads were analyzed using genome and gene annotation for the GRCh38 assembly obtained from Homo sapiens Ensembl
release 94. Reads were aligned to the genome using star v2.6.0c, and reads in genes were counted with featureCounts (subread
v1.6.2) using strand-specific read counting (-s 1). Differential gene expression analysis on raw counts and principal component anal-
ysis on variance stabilized, transformed count data were performed using DESeq2 v1.18.1. Data sets are provided on Gene Expres-
sion Omnibus: SuperSeries GSE239891.

Single-cell RNA-seq analysis

ScRNA-seq reads were processed with cellranger v7.1.0 (10X Genomics), using the prebuild 10X GRCh38-2020-A reference and
human transcriptome probe-set v1.0.1 (Chromium_Human_Transcriptome_Probe_Set_v1.0.1_GRCh38-2020-A.csv). Further pro-
cessing of the scRNAseq data was performed in R software v4.2.2 with Seurat v4.3.0. We sequenced the transcriptomes of
13218 LV WTC:TNNI1 cells, 9901 LV WTC:TNNT2 cells, 9221 RV WTC:TNNI1 cells, 10920 RV WTC:TNNT2 cells, 8687 Atrial
WTC:TNNI1 cells, 11986 OFT WTC:TNNI1 cells, 13004 OFT WTC:TNNT2 cells, 7979 AVC WTC:TNNI1 cells, 11550 AVC
WTC:TNNT2 cells. Cells were retained if their mitochondrial content was below 7% and the gene number metric was above an adap-
tive, sample-specific thresholds (>2 median absolute deviation for log-transformed number of expressed genes). Quality filtering led
to the removal of 5-10% of the sequenced cells and we analyzed 12150 LV WTC:TNNI1 cells, 9422 LV WTC:TNNT2 cells, 8163 RV
WTC:TNNI1 cells, 9916 RV WTC:TNNT2 cells, 8012 Atrial WTC:TNNI1 cells, 11007 OFT WTC:TNNI1 cells, 12187 OFT WTC:TNNT2
cells, 7613 AVC WTC:TNNI1 cells, 10936 AVC WTC:TNNT2 cells. Genes detected in 10 or more cells were retained, with mitochon-
drial and ribosomal protein genes being disregarded. fast mutual nearest neighbors (MNN) was used to integrate cells across cell-
lines (WTC:TNNI1 and WTC:TNNT2). Data were log-normalization using computeSumFactors, followed by per-batch scaling normal-
ization using multiBatchNorm. Datasets were aligned using the fastMNN implementation of SeuratWrappers with the log-normalized
batch-adjusted expression values and 2000 integration features (batchelor v1.14.1, SeuratWrappers v0.3.1). MNN low-dimensional
coordinates were then used for clustering and visualization by UMAP (20 dims). For the module score, a list of selected genes for each
cardiac subtype was generated based on de Soysa et al., 2019,°° Asp et al.,?® Cui et al.,°" and Sahara et al.?® (Table S2). Expression
of all genes per module is visualized by UMAP. Data sets are provided on Gene Expression Omnibus: SuperSeries GSE239891.
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scRNA-seq integration with in vivo cardiac embryonic chambers datasets

The scRNA-seq integration with Asp et al.>® was done as follows: Filtered scRNA-seq count matrix and meta table for PMID:
31835037 were obtained from https://data.mendeley.com/datasets/mbvhhf8m62/2, cells were subsetted to only relevant cell types
(Atrial, Ventricle, Fibroblast-like, Endothelial cells). Our preprocessed scRNA-seq data shown in Figure 3J (89406 cells) were subset-
ted to endothelial cells and CM cell type (removing progenitors, endoderm, and other cells not expressing TNNI1) (88247/89406
cells). In both datasets, only genes expressed in both experiments were retained for further analysis. The number of cells from
our dataset was randomly downsampled to 3000. fastMNN was used to integrate cells across experiments and cell-lines as
described above, using 1000 integration features and 10 MNN low-dimensional coordinates as input for UMAP visualization and
clustering.

scRNA-seq integration with an in vivo OFT dataset

The scRNA-seq integration with Sahara et al.”® was done as follows: Per-cell raw reads for PRINA510181 were processed to obtain
Homo sapiens Ensembl release 94 per-gene read-count-data using the analysis pipeline detailed above (trimming with trim-galore
v0.5.0, contaminant filtering with bowtie2 v2.3.4.1, alignment with star v2.6.0c, summarization with featureCounts subread v1.6.2).
Following pseudobulk similarity analysis, we excluded cells belonging to the following outlier condition: 5.0wk_V (mainly progenitors),
6.5wk_A (only 2 cells), 8.0wk_OFT (too mature for comparison to our in-vitro derived OFT), 8.5wk_OFT (too mature for comparison to
our in-vitro derived OFT), 7.5wk_A (stressed). Furthermore, we excluded from our scRNA-seq cells belonging to the clusters EC,
AVC, and Endoderm and removed CM progenitors with TNNI1<0. Only genes detected in both experiments were retained, and
for PRUNA510181, only higher quality cells with more than 8000 detected shared genes were included in the subsequent analysis.
fastMNN was used to integrate cells across experiments as described above, using 1000 integration features and 10 MNN low-
dimensional coordinates as input for Uniform Manifold Approximation and Projection (UMAP).

Ca2+ Transients Quantification

Videos were then analyzed using custom-made software. The brightfield image is used to identify which pixels belong to the cardioid.
The pixel intensity distribution f; is calculated, which displays a bimodality if a cardioid is present. To identify a bimodality, we look for
avalley in the distribution, formalized by calculating i = max(lg_1},fi) and r; = max(r.1}, i), and then finding the intensity which min-
imizes min(l;,g;)-f;. Each pixel with intensities below lis identified as cardioid.

The calcium signal s;; is averaged over each pixel of the cardioid s; = avg;st;;. The baseline is first estimated by setting the co-
efficients of the discrete wavelet transformation corresponding to high frequencies to zero, and peaks are first called by subtracting
the baseline and finding regions above 1.5 times the standard deviation.

Baseline estimates and called peaks are then refined by a Bayesian approach.

Variances and corresponding precision (inverse of variance) are estimated from the signal minus baseline for all time points that are
not called peaks.

The change of baseline is estimated as the first finite difference 3t = St41-St.
Wdf/f\r+PVl/‘,j,1dr4
wa+w?
ence without peaks,wd = w? + pw¢_, andp = 0.9, which corresponds to the maximum a posteriori probability (MAP) estimate where

each datapoint is faded out with p.

The previous change in baseline is incorporated by a weighted sum d; = with w the precision of the first finite differ-

wPd;+pw? by
wh+w?

Accordingly, the previous baseline is incorporated by b; = with wP the prevision of signal without peaks, wP =

wb + pw?i ;andp = 0.9. Ifthe signal deviates significantly from the estimated baseline |si~by_1 +di_1|> 3(w§’7 1 ) 12 apeakis call-

end, datapoints are not incorporated d; = d;_1,b; = by_1 +d;_1 and precision decays with a factor of 0.99 instead of with p =
0.9:wd = 0.99w¢ , and wP = 0.99wP_,

For each peak, the speed of signal propagation is calculated and the beat origin is identified. For each pixel of the cardioid the
variance in signal over time is calculated v|; = Var(s,j) and a variance threshold is calculated the same way as for the pixel intensity
distribution from the brightfield images. Only pixels with variance above the threshold are considered. The intensity was calculated
per pixel and normalized to maximum 1. The frame at which a pixel reached 50% of peak intensity was recorded. The first frame in
which more than 30 pixels reach 50% max intensity is defined as the first frame. The last frame in which all besides at most 30 pixels
reach 50% max intensity is defined as the last frame. The average position of the biggest connected component of pixels which
reached 50% of peak intensity first, is considered the origin of signal propagation. The speed of signal propagation is then calculated
for all of the other pixels by dividing the distance between the pixel and the origin and the frame difference between the frame where
the pixel reaches 50% of peak intensity and the origin frame. The speeds are all averaged together for every pixel and across all beats
to determine the speed of signal propagation in the cardioid. Images of signal propagation are made using the same technique, and
each pixel is color-coded based on frame difference. Cardioids were excluded from this analysis for five reason: (1) the cardioid does
not beat, (2) a reentry phenotype was present, (3) brightfield images are of low quality, (4) fluorophore bleed over is present or fluo-
rophore images are otherwise of low quality, (5) the algorithm does not correctly identify all peaks. A list of which cardioids are
excluded is listed in Table S3.
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MEA Data Analysis

Peak finding and initial parameters were determined by BrainWave 4 using the Cardiac Field Potential Detection module with the
following settings filter:wavelet level 6, hard threshold: -200, Pre-Peak Wave Duration: 50 ms, post-peak wave duration: 700 ms,
Q detection start: 20 ms, T Detection start: 75 ms, Refractory period: 40 ms. Noisy electrodes were discarded. From this analysis
platform, the R-amplitude, S-amplitude, T-amplitude (R,S,T-amplitude data can be found in Figure M1), cardiac field potential
rate (cFPR), RT-interval and ST-interval were extracted. Since the program will define a random point for the T-wave if one is not
detected, the data was then further filtered to exclude any electrode where the T-wave amplitude is less than 60 or where the
T-amplitude standard deviation was more than 150. Electrodes, where the RT-interval was outside 3 standard deviations of the over-
all mean of all RT-intervals, were excluded. Additionally, any electrode that recorded a cardiac field potential rate of less than 9 FP/
min was excluded. The cRT and cST were then calculated using the Fridericia correction formula: cRT = RTseconds/((cFPRseconds)-
1)0.33). For the drug testing, the mean of each characteristic for each segment of the organoid was calculated. This was then normal-
ized by log fold change to the mean of the cardioid segment pre-drug recording (delta cRT-interval). Data was exported and analyzed
using Prism software.

Statistics

Information on the statistics used in the experiments can be found in the Figure Legends, such as N (biological replicates, performed
with different cell batches of different passages), n (technical replicates, performed with the same cell batch of the same passage)
numbers, statistical test used, and variation measure used. We ran normality tests and outlier tests on all datasets before running the
one-way ANOVA assuming normality. Other statistical details are described in the respective Quantification Methods sections.
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Figure S1. Optimization of the aSHF/pSHF protocol and characterization of aSHF/pSHF-derived cardioids, related to Figure 1

(A) Immunostaining of TBX5 and FOXC2 of aSHF cells at day 3.5 using 3D vs. 2D — 3D protocol.

(B) SOX2 and EOMES staining after SHF mesoderm induction (day 1.5) in 2D and 3D protocol.

(C) Heatmap of bulk RNA-seq analysis at day 3.5 of head mesoderm makers.

(D) Optimization of aSHF-patterning media 1 (day 1.5-day 3.5) conditions in 2D — 3D protocol. RT-gPCR of TBX1 and TBX5 levels at day 3.5.

(E) Optimization of aSHF/pSHF protocol by testing different BMP (in ng/mL) and RA concentrations (in nM) during patterning stage 1 using RT-qgPCR all conditions
contain XAV-939 and SB431542.

(F) RT-gPCR showing the effect of SB 431542 (10 uM) and Activin (10 ng/mL) on aSHF and FHF protocols during cardiac mesoderm patterning media 1 until
day 3.5.

(G) RNA-scope staining of TBX1 and TBX5 at day 3.5 of cross-sections of aSHF progenitors induced with different Activin concentrations.

(H) TBX5 staining of cross-sections of all three progenitors at day 3.5.

() Immunostaining of NKX2-5 and SOX2 on cross-sections of FHF, aSHF, and pSHF cardioids at day 3.5.

(J) Immunostaining of PECAM1 (endothelial cells), FOXA2 (endoderm), COL1A1 (fibroblast), and SOX2 (neuroectoderm) in all cardioid subtypes.

(K) Optimization of seeding density in 2D 24-well plates for 2D — 3D protocol in aSHF-derived cardioids at day 9.5 derived from TNNI1-GFP reporter line cardioids.
(K') aSHF cardioids started with a high seeding density analyzed with immunostaining of SOX1/2+ core (neural marker) at day 9.5.

(L) Optimization of seeding density in 96-well plates for 3D formation. Left: aSHF- and FHF-derived cardioids from TNNI1-GFP reporter line at day 7.5; right: aSHF-
and pSHF-derived cardioids at day 9.5 in WTC: WT line.

(M) Quantification of TNNI1-GFP+ cells in FHF-, aSHF-, and pSHF-derived cardioids at day 9.5 via flow cytometry (N = 3, n = 24).

(N) Schematic representation of endothelial differentiation protocol from all three progenitor populations.

(O) Immunostaining for PECAM1-1 in 2D 24-well plate endothelial cell differentiation of all three progenitor populations. RT-qPCR: fold change normalized to a
housekeeping gene (PBGD) and pluripotency. vst, variance-stabilized transformed counts. All scale bars in this figure have a length of 200 um. All RT-gPCRs
show fold change normalized to a housekeeping gene (PBGD) and pluripotency, the highest value for each gene in heatmap found in Table S1. Used cell
lines in this figure: WTC and H9. All bar graphs show mean + SD.
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Figure S2. Characterization of FHF-, aSHF-, and pSHF-derived cardioids, related to Figure 2

(A) Cardioid volume measured over time to match data is Figure 2D representative biological replicate from 3 with 8 technical replicates per N = 1 n = 8 per
time point.

(B) mRNA expression by bulk RNA-seq quantification of proliferation marker Ki67 over time (N = 3, n = 8). Each dot represents the mean + SD. cpm, counts per
million.

(C) Principal-component analysis (PCA) plot of vst using the top 1,000 variable genes.

(D) Volcano plot showing the differentially expressed genes at day 9.5 of aSHF- vs. pSHF-derived cardioids.

(E) Lineage-specific staining of HEY2 (LV marker) in cross-sections of FHF-, aSHF-, and pSHF-derived cardioids.

(F) Immunostaining for TNNT2 and IRX1 on LV, RV, and atrial cardioids in H9 cell line.

(G) Immunostaining for TNNT2 and NR2F2 on LV, RV, and atrial cardioids in H9 cell line.

(H) Whole-mount phase contrast imaging of LV, RV, and atrial cardioids at day 9.5 in hiPSC 178/5 cell line.

() Schematic of chamber specification programs.

(J) Representative RT-gPCR showing the effect of ventricular chamber specification protocol to control (CDMI).

(K) Whole-mount phase contrast and fluorescent imaging of LV and RV cardioids at day 30 in WTC:TNNI-tagged line. m, matured, crtl, control (CDMI)

(L) Immunostaining for a-Actinin matured and control cardioids. Scale bars, 20 um.

(M) Ratio of MYH7/MYH6 RNA-expression by RT-gPCR in LV and RV matured vs. control cardioids (N = 2 of 6 pooled cardioids each).

(N) Contraction analysis on m: matured or s: specified LV, RV, and atrial cardioids, left BPM, beats per minute, and left extent of contraction (N = 2, n = 18-26).
(O) Representative RT-gPCR showing the effect of atrial chamber specification protocol to control (CDMI). All scale bars in this figure have a length of 200 um,
except where specified. All RT-gPCRs show fold change normalized to a housekeeping gene (PBGD) and pluripotency (pluri), the highest value for each gene in
heatmaps found in Table S1. Used cell lines in this figure: WTC and H9.
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Figure S3. Optimization of OFT and AVC protocol and OFT and AVC cardioid characterization, related to Figure 3
(A) Optimization of RA concentrations during patterning stage 2 using bulk RNA-seq for OFT and RV markers.
(B) Fluorescent cryosection images of RV and OFT cardioids for OFT markers ISL1 at day 9.5.

(legend continued on next page)
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(C) WNTB5A staining of OFT and RV cardioid cross-sections at day 9.5 in H9 cell line.

(D) Optimizations of type of iIWNT used for RV and OFT markers by bulk RNA-seq.

(E) Schematic representation of differentiation protocol for EMT initiation.

(F) Immunostaining for cTnT and alpha-SMA in Patsch control and LV and OFT cardioids at days 6.5 and 8.5, respectively.

(F") SM22 and calponin staining in OFT cardioids at day 8.5.

(G) COL1AT1 (fibroblast marker) and CD31 (endothelial cell marker) staining of OFT and AVC cardioid cross-sections at day 9.5.

(H) Optimization of pPSHF mesoderm induction conditions by bulk RNA-seq using different Activin and CHIR99021 concentration.

(I) Heatmap of bulk RNA-seq for BMP optimization for atrial and AVC genes at days 3.5 and 9.5.

() (J) UMAP showing expression of NR2F2 and PFGRA (J’) and MSX2, HEY1, WNT5A, MSX1, TBX3, TBX2 markers.

(K) Expression of LV and RV gene modules in ventricular CM sub-clusters.

(L) UMAP showing expression of IRX4 and IRX1 in ventricular CM subclusters.

(M) Dotplot showing the most expressed genes in ventricular (LV; V.prol; RV), EC, and endoderm clusters.

(N) Integration with transcriptomic dataset from Sahara et al.”® showing overlap of cell-type clusters. Samples were randomly downscaled to 1,000 cells. vst,
variance-stabilized transformed counts. All scale bars in this figure have a length of 200 um. scRNA-seq N = 1-2, n = 16-72 genes lists for modules are in Table S2.
(E) UMAP of the two biological replicates (N1 and N2) showing which cardioid subtype gave rise to each cluster.

(F) Expression of CDH5 and TNNI1 genes.

(G) Expression of cell-cycle S-phase module score.

(H and I) Integration with the transcriptomic dataset from Asp et al.?® showing (H) overlap of cells and () overlap of cell-type clusters. 1,000 integration features and
10 MNN low-dimensional coordinates were used as input.

(J) UMAP of ventricular CM subcluster of the two biological replicates.

(K) Dotplot showing expression of CM, EC, and endoderm marker genes. All scale bars in this figure have a length of 200 um. All graphs show mean + SD.
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Figure S4. Functional characterization of cardioid subtypes using calcium transients and voltage-sensitive dyes, related to Figure 4
(A) Contraction analysis BPM for N = 1, n = 16 iPSC 178/5 cell line.

(B) Representative images showing the extent of contraction (red) for different organoid types.
(C) Calcium traces showing the relative change in fluorescence intensity (f/f0) were recorded from the whole cardioid area for a period of 30 s; WTC, TNNT2-

GCaMPéf cell line.

(legend continued on next page)
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(D) Definitions of parameters for subfigures (E)—~(G).

(E-G) Quantification of whole cardioid Ca®* transients (D) 90 to 90 (E) time to reach max intensity (F) time to relaxation. Data were taken at day 9.5. All points
represent the mean of each cardioid across all beats recorded. N =4, n =64 LV and AT and N = 1, n=24 technical replicates for the AVC. All cardioids that were not
beating were excluded. This resulted in n = 25, 43, and 24 replicates, respectively, of the LV, atria, and AVC; WTC, CAG-GCaMPéf cell line.

(H-L) Multiple electrode array analysis N = 1, n = 1, number of electrodes as described, '° points represented are the individual electrodes, WTC cell line. (H) cFPR,
cardiac filed potential rate, (I) RT interval, (J) Fridericia-corrected RT interval (cRT interval), (K) ST interval, (L) Fridericia-corrected ST interval.

(M) Representative curves from optical voltage imaging of LV, RV, atrial cardiomyocyte monolayers derived from dissociated cardioids. The y-size bar represents
relative intensity change, and the x-size bar represents 100 milliseconds (ms).

(N-P) (N) Fridericia APD90, (O) APD50, and (P) APD30 of 2D FluoVolt data. 25 wells for the LV, 26 for the RV, and 13 for the atria were recorded. Each point is an
average of all APs taken within one well.

(Q) Sketch highlighting how APD’s were calculated for patch clamp and FluoVolt.

(R-U) Additional data for patch clamp shown in Figures 4K and 4L. (R) Spontaneous beat frequency, (S) maximum upstroke velocity, (T) Fridericia-corrected
APD90 values, and (U) Fridericia-corrected APD50. All graphs show mean + SD. For all statistics, one-way ANOVA was used. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001. ns: not significant.
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Figure S5. Progenitor sorting and formation of multi-chamber cardioids, related to Figure 5

(Aand A') Cardiac progenitors derived from H2B-GFP or LMNB1-RFP hPSC reporter lines were dissociated and mixed at day 3.5. Cross-sections and schematics
of cardioids show the sorting of cardiac cells derived from (A) different progenitor populations and (A’) cardioids mixed with the same progenitors. TNNT2 staining
shows highly efficient CM differentiation. Scale bars, 200 um.

(B) Whole-mount images showing sorting of cardiac progenitors 1 day post-mixing (day 4.5). Scale bar, 500 pm

(C) Heatmap of bulk-RNA-seq analysis of cardioids generated with the normal 2D-3D protocol (non-mixed progenitors) showing differentially expressed Cadherin
genes over time.

(D) Representative cross-sections of cardioids mixed with different progenitor populations stained of RV-specific (IRX1) and atrial-specific (NR2F2) markers.
(E) Whole-mount images of cardioids being fused together on day 3.5 or day 5.5. The images were taken on day 9.5. Scale bars, 1,000 um.

(F) Cardioids 1 day post-fusion (day 4.5). Scale bars, 1,000 um.

(G-l) (G) Percentage of cardioids with calcium activity for each fusion type for day 6.5 and day 9.5. Dots represent N. (H) Percentage of cardioids with calcium re-
entry activity for each fusion type for day 6.5 and day 9.5. Dots represent N. (I) Speed of Ca®* signal propagation for each fusion type for day 6.5 and day 9.5. Dots
represent n; (G-I) N = 2-5, n = 41-160 per subtype exclusions can be found in Table S3.

(J) Wide-field microscopy with a mis-ordered multi-chamber cardioid (atria in the middle) A, atrial cells labeled in blue and RV cells labeled in magenta.

(K) Representative calcium signal propagation of (J) for one beat. The map is colored when each pixel reaches 50% of peak intensity.

(L-P) MEA parameters of 3 chambered cardioids on day 14 of differentiation N = 3, n = 5. (L) Cardiac field potential rate, (M) RT interval, (N) Fridericia-corrected RT
interval, (O) ST interval, (P) Fridericia-corrected ST interval.

(Q) Lineage-specific staining (NR2F2 and IRX1) of two-chambered cardioids.

(R) Cryosection of multi-chambered cardioids of two different compartments on day 14 using protocol depicted in Figure 5M. Multi-chambered cardioids share
some cavities (indicated by the blue arrow) and express TNNT2. vst, variance-stabilized transformed counts. All scale bars in this figure have a length of 200 pum,
unless otherwise stated. All graphs show mean + SD. For all statistics, one-way ANOVA was used. *p < 0.05, *p < 0.01, *** p < 0.001, ***p < 0.0001. ns: not
significant.
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Figure S6. Compartment-specific defects in cardioids with mutations in transcription factors, related to Figure 6
(A) Validation of ISL1-KO line in all protocols at day 3.5 by immunostaining.
(B) Bulk RNA-seq analysis, showing compartment-specific genes in ISL1-KO vs. WT at day 3.5.

(legend continued on next page)
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(C) The extent of contraction of atrial ISL1-KO cardioids compared with WT at day 9.5 and day 14 (N =1, n = 24).

(D) Time course of RV, atrial, and OFT cardioid formation using ISL1-KO and WT line. Arrow indicating cavity formation in WT cardioids. Scale bars, 500 pm.
(E) Quantification of the cardioid area of ISL1-KO and WT cardioids at days 3.5 (N =4, n=48)and 9.5 (N =2, n = 32).

(F) HCR of WNT5A (OFT marker) in OFT ISL1-KO cardioids compared with WT at day 14.

(G) Validation of TBX5-KO line in LV, RV atrial, and AVC cardioids at day 9.5 by immunostaining.

(H) Bulk RNA-seq analysis of TBX5-KO and WT cardioids showing aSHF-, pSHF-, and AVC-specific genes at day 3.5.

(I) BPM for LV, RV, atrial, and AVC comparing WT vs. KO on days 6.5 and 9.5 (N = 3, n = 36).

(J) Validation of FOXF1-KO line in atrial and AVC cardioids at day 3.5. Yellow arrow indicating enhanced cavity formation in atrial FOXF1-KO cardioids.

(K) FOXF1-KO and WT cardioid area analysis of all cardioid subtypes at day 9.5 (N = 3-4, n = 24-37 [LV, RV, atria, AVC] and N = 1, n = 16 [OFT]).

(L) TNNT2 expression in FOXF1 WT vs. KO cardioids at day 9.5. Yellow arrow indicating increased cavity in FOXF1-KO atrial cardioids compared with WT.
(M) Bulk RNA-seq analysis showing compartment-specific genes of LV, RV, and atrial cardioids using FOXF1-KO line compared with WT line at day 9.5.

(N) Representative RT-gPCR of atrial and AVC cardioids in FOXF1-KO line compared with WT line. All scale bars in this figure have a length of 200 um, unless
otherwise specified. RT-gPCR: fold change normalized to a housekeeping gene (PBGD) and pluripotency. vst, variance-stabilized transformed counts. All bar
graphs show mean + SD. For all statistics, one-way ANOVA was used. *p < 0.05, **p < 0.01, *** p < 0.001, ***p < 0.0001. ns: not significant.
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Figure S7. Characterization of teratogen-induced compartment-specific defects in cardioids, related to Figure 7

(A-G) All cardioids were treated with teratogens from mesoderm induction (day 0) until day 9.5. Several experiments were run using different concentrations. (A)
Representative whole-mount images and (A’) representative quantification of the area of cardioids derived from TNNI1-GFP reporter line treated with Aspirin,
compared with untreated cardioids. Day 9.5 (N = 1, n = 8). Ctr, control. (B) RT-gPCR of cardioids treated with Aspirin, compared with control cardioids. (C)
Representative whole-mount images of cardioids treated with different concentrations of acitretin and (C’) representative quantification of the cardioid area at day
9.5 (N =1, n=8). (D) TNNI1-GFP reporter signal qualification in OFT cardioids treated with acitretin compared with untreated cardioids at days 4.5and 9.5. (N=1,
n = 8). (E) Representative whole-mount images and quantification (E’) of cardioids derived from TNNI1-GFP reporter line treated with trans-retinol atday 9.5 (N =1,
n = 8). (F) RT-gPCR shows compartment-specific genes of all cardioid subtypes induced with trans-retinol on day 9.5. (G) Quantification of the size of cardioids
derived from TNNI1-GFP reporter line induced with different concentrations of thalidomide, compared with control cardioids (day 9.5) (N = 1, n = 8). Ctr, control.
(H and I) Multiple electrode array analysis on triple chamber cardioids (ordered atrial-LV-RV) at day 14 of DMSO (control) and 4AP (N = 3, n = 4). (H) Fold change of
Fridericia-corrected RT interval normalized to pre-drug for. Dots represent n. (l) Fold change of Fridericia-corrected ST interval normalized to pre-drug. Dots
represent n. All scale bars in this figure have a length of 500 um. RT-gPCR: fold change normalized to a housekeeping gene (PBGD) and pluripotency. All bar
graphs show mean + SD. For all statistics, one-way ANOVA was used. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. ns: not significant.
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