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SUMMARY
Illuminating the precise stepwise genetic programs directing cardiac development provides insights into the
mechanisms of congenital heart disease and strategies for cardiac regenerative therapies. Here, we integrate
in vitro and in vivo human single-cell multi-omic studies with high-throughput functional genomic screening
to reveal dynamic, cardiac-specific gene regulatory networks (GRNs) and transcriptional regulators during
human cardiomyocyte development. Interrogating developmental trajectories reconstructed from single-
cell data unexpectedly reveal divergent cardiomyocyte lineageswith distinct gene programs based on devel-
opmental signaling pathways. High-throughput functional genomic screens identify key transcription factors
from inferred GRNs that are functionally relevant for cardiomyocyte lineages derived from each pathway.
Notably, we discover a critical heat shock transcription factor 1 (HSF1)-mediated cardiometabolic GRN con-
trolling cardiac mitochondrial/metabolic function and cell survival, also observed in fetal human cardiomyo-
cytes. Overall, these multi-modal genomic studies enable the systematic discovery and validation of coordi-
nated GRNs and transcriptional regulators controlling the development of distinct human cardiomyocyte
populations.
INTRODUCTION

The heart is the first organ to develop because of its critical role in

circulating oxygen and nutrients throughout the body. Cardio-

myocytes (CMs) are the crucial cell type that enables the heart

to perform this function,1 and their loss can lead to heart failure,

a leading cause of morbidity and mortality worldwide.2 Thus,

discovering the precise molecular and genetic mechanisms of

how human CMs develop, mature, and function may offer in-

sights into a wide range of adult and congenital human cardiac

diseases as well as strategies for efficiently producing new and

durable CMs to treat heart failure.

Past studies have revealed that CM development is mediated

through the dynamic regulation of Wnt,3–5 bone morphogenetic

protein (BMP),6 and activin7,8 signaling to specify the pre-cardiac

mesoderm,9–12 which produces cardiac progenitors.13,14 Con-

currently, these factors activate a series of transcription factors

(TFs) including brachyury,15,16 which then activates EOMES,17

followed byMESP1.18 MESP1/2 activation is required for meso-

dermal migration19–21 and subsequently induces many TFs,
Cell Genomics 4, 100680, Novem
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including NKX2-5,22–24 GATA4-6,25–29 MEF2C,30–32 TBX5,33,34

HAND1/2,35–38 and ISL1,39 as well as other regulators,40–42

which are crucial for cardiac development. As cardiac progeni-

tors migrate to form the cardiac crescent, they are also exposed

to additional factors such as fibroblast growth factors (FGFs),

which modulate the expression of the aforementioned TFs,

thereby initiating myocardial differentiation.43 Thus, the interplay

between dynamic growth factor signaling and stage-specific TFs

regulates the progression of heart development, which, when

disrupted, can cause congenital heart disease (CHD). In partic-

ular, most CHD mutations are in transcriptional and chromatin

regulators, thus highlighting the significance of a tightly regu-

lated gene regulatory network (GRN) during cardiac develop-

ment.44–46 However, the stepwise cell-type-specific GRNs

responsible for coordinating human heart development have

yet to be comprehensively defined.

Single-cell sequencing technologies have facilitated the iden-

tification of gene expression programs and cis-regulatory land-

scapes in a cell-type-specific manner in human47–52 and mouse

hearts,53–57 aswell as human pluripotent stem cell (hPSC)-based
ber 13, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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cardiac systems.51,58–67 Recent computational advancements

have enabled the integration of single-cell transcriptomic and

cis-regulatory modalities, thus aiding in the reconstruction of

GRNs, which direct gene programs critical for cell function,68–71

and revealing how TFs govern dynamic cell states and transi-

tions during development.72 However, the GRNs that direct

human cardiac development remain to be elucidated and func-

tionally validated.

A recent technological advancement facilitating the interroga-

tion of gene function in a high-throughput manner is CRISPR-

Cas9-based screening technology. Initial genome-wide

knockout (KO) screens in human cell lines illuminated the role

of numerous, previously undiscovered survival genes73,74 and

thus paved the way for testing the role of genes and transcrip-

tional regulators in more complex systems, including the

heart.75–77 As these critical studies are challenging to perform

in human hearts, directed differentiation of hPSCs into

CMs78–80 in vitro offers the opportunity to perform screens

yielding insights into human heart development and function.

Specifically, CRISPR-Cas9-based screens, in conjunction with

GRNs, can be used to identify and validate the impact of alter-

ations in TF regulation and remain to be implemented on human

cardiac development, particularly CMs.

Thus, to illuminate the genetic programs and key TFs that

direct cardiac development, we interrogated the integrated sin-

gle-cell transcriptomic and cis-regulatory landscapes through

key stages of cardiac development using in vitro cardiac differ-

entiation systems that employ different developmental signaling

pathways. We investigated the dynamics of cardiac-specific

GRNs and TFs that guide progenitor cells into specific stages

of cardiac development. Additionally, we unveiled distinct gene

regulatory programs that direct cardiac development from these

in vitro systems, which produce functionally distinct CM popula-

tions. Employing a high-throughput functional genomic screen,

we validated and prioritized crucial TFs associated with GRNs

specific for each distinct developmental CM lineage, including

heat shock TF 1 (HSF1), a key cardiometabolic regulator, whose

gene regulation is additionally found in in vivo fetal human CMs.

Loss of HSF1 resulted in decreased metabolic gene expression

and functional metabolic defects, which led to increased

apoptosis and cellular impairment, thus illustrating the impor-

tance of HSF1 as a regulator during CM development. Together,
Figure 1. Wnt-based 2Dmonolayer- and BMP/Activin A-based 3D emb

(A) Schematic of 2D and 3D hPSC-CM differentiation systems.

(B) Immunostaining (left) and quantification (right) of proliferating CMs (Ki-67+ an

(C) Immunostaining (left) and quantification (right) reveal rod-shaped morphology

(D) Immunostaining of N-cad for cell boundary and Cx43 for gap junctions (left

yellow line.

(E) Spontaneous calcium transient traces (left) and boxplot showing cycle length

(F) Immunostaining (left) and quantification (right) reveal mitochondria distribution

views of the regions outlined by white box. Yellow arrowheads point to regions of

distributed mitochondria. Dashed line: nucleus (n).

(G) Oxygen consumption rate (OCR) analysis (n = 3; n = 4–6 technical replicates

(H) Basal respiration rate (n = 3; n = 4–6 technical replicates/condition).

(I) Extracellular acidification rate (ECAR) analysis (n = 3; n = 4–6 technical replica

(B, C, and E–I) Data were analyzed using a two-tailed Student’s t test. p < 0.05, *

mean ± SEM. Scale bar: 10 mM. pmol, picomole; min, minutes; Anti+Rot, Antimy

See also Figure S1.
these findings define the transcriptomic and chromatin land-

scape of early cardiac development, infer the GRNs that govern

cardiac development and function, validate the TFs predicted to

control these GRNs, and reveal HSF1 as an essential cardiome-

tabolic regulator during the development of early human CMs.

RESULTS

CMs derived from Wnt-based 2D- and BMP/ActA-based
3D-hPSC cardiac differentiation systems exhibit
functional differences
hPSC cardiac systems have been developed as models to un-

derstand human heart development, utilizing signaling pathways

such asWnt, BMP, and Activin A (ActA).59,61,64,80–82 By using es-

tablished protocols for hPSC differentiation into CMs via

Wnt-based two-dimensional (2D)-81 and BMP/ActA-based 3D-

hPSC80 systems (Figure 1A), we generated high yields of func-

tional CMs as detected using fluorescent reporter lines for

TNNT283 (Figures S1A–S1C). Functional analysis revealed that

2D hPSC-CMs exhibited significantly higher levels of prolifera-

tion as compared to 3D hPSC-CMs (Figure 1B), suggesting

that 3D hPSC-CMs may be more mature, as CMs lose their ca-

pacity to proliferate postnatally.84 Additionally, 3D hPSC-CMs

displayed a more rod-shaped morphology as compared to the

2D hPSC-CMs (Figure 1C), supporting the matured structural

morphology85 in 3D hPSC-CMs. 3D hPSC-CMs also presented

peripheral localization of Connexin 43 (Cx43), as identified by co-

localization with neural cadherin (N-cad), whereas the 2D hPSC-

CMs did not (Figure 1D), suggesting improved cellular coupling

of 3D hPSC-CMs allowing for the propagation of electrical sig-

nals between cells.86 Finally, 3D hPSC-CMs exhibited faster cal-

cium transients (19.0 ± 10.0 transients/min), whichwere closer to

a physiological rate, than 2D hPSC-CMs (10.2 ± 4.4 transients/

min) (Figure 1E).

Because metabolic maturation is crucial for heart develop-

ment in vivo,87,88 we analyzed the metabolic features of these

hPSC-CMs. We observed perinuclear localization of aggregated

mitochondria in the 2D hPSC-CMs, whereas mitochondria in the

3D hPSC-CMs were more uniformly distributed and at a higher

density as compared to 2D-derived CMs (Figure 1F). As mito-

chondria localization and distribution impact metabolic func-

tion,89,90 we measured the metabolic capacity of the 2D and
ryoid body-derived hPSC-CMs display distinct functional differences

d TNNT2+, as represented by arrows) (n = 15–18).

using N-cad as a marker for cell boundary (n = 3, 20 hPSC-CMs/condition).

) and quantification of antibody fluorescent intensity (right) based on dashed

(right) (n = 3, 6–16 hPSC-CMs/condition).

and intensity (n = 3; 15 hPSC-CMs/condition). Inset shows high-magnification

aggregated mitochondria, whereas white arrowheads point to regions of well-

/condition).

tes/condition).

p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Data are represented as

cin A and rotenone; mpH, 1/1,000th pH unit.
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3D hPSC-CMs (Figures 1G–1I). We found that 3D hPSC-CMs

display significantly increased basal respiration, maximal respi-

ration, and extracellular acidification rates as compared to 2D

hPSC-CMs, thereby supporting that 3D hPSC-CMs are more

metabolically active than 2D hPSC-CMs (Figures 1G–1I). Consis-

tent with previous findings,91–93 we found that 3D hPSC-CMs

may be structurally, functionally, and metabolically more mature

than 2D hPSC-CMs.

Single-cell multi-omic studies reveal distinct
developmental stages of fate decisions during CM
development
To investigate the molecular mechanisms driving hPSC differen-

tiation into functionally distinct CMs, we interrogated the gene

expression and chromatin landscape of cell populations gener-

ated from these protocols. We collected cells at six stages

throughout cardiac differentiation as we described94,95 for sin-

gle-cell RNA sequencing (scRNA-seq) and single-nucleus assay

for transposase-accessible chromatin with sequencing (snA-

TAC-seq) (Figure 2A; Table S1). Using Seurat96 and ArchR,97

we identified 31 scRNA-seq clusters and 23 snATAC-seq clus-

ters, which were annotated using known cell-type-specific

marker genes to arrive at 12 distinct cell populations

(Figures S2A–S2D; Table S1). These cell populations included

hPSC, primitive streak (PS), mesendoderm, pre-somitic meso-

derm (PSM), lateral plate mesoderm (LPM), cardiac mesoderm,

CM, endoderm, vascular endothelial (VE), mesenchymal progen-

itor (MP), epithelium, and neuromesodermal progenitor (NMP)

populations (Figures 2B and S2A–S2D). To validate our cell pop-

ulation annotations, we performed cell label transfers on our

identified cell populations using previously published in vivo

developmental datasets98,99 and found a high correlation for

many of the cell population labels between the in vitro and in vivo

single-cell datasets (Figure S2E). After defining these cell popu-

lations, the two sequencing modalities were integrated onto

each other, revealing the high correlation between the cell pop-

ulations within the integrated datasets with minimal cell popula-

tion loss; however, the epithelium population was absent from

the snATAC-seq dataset, presumably due to low cell numbers

combined with the limited dynamic range and specificity of snA-

TAC-seq as compared to scRNA-seq100–102 (Figures S2F and

S2G). Further investigation of these cell populations revealed

that 2D-differentiated hPSCs initially formed mesendoderm,

whereas 3D-differentiated hPSCs created PS and then LPM,

supporting differences in the growth factors used for producing

CMs between the differentiation systems5 (Wnt versus BMP/

ActA based, respectively; Figures S2C and S2D). Thus, these

early developmental differences between the cardiac differenti-

ation systems likely lead to distinct cardiac mesoderm and CM

populations (Figures S2C and S2D).

To understand how these differences emerge during CM

generation from hPSCs between 2D and 3D cardiac differen-

tiation systems, we organized cells from our integrated single-

cell multi-omic dataset along developmental trajectories using

the lineage inference tool URD.103 These reconstructed paths

ordered cells along a pseudotime axis, aligning with the differ-

entiation time points, and unveiled branchpoint decisions gov-

erning the different cell populations in 2D and 3D systems
4 Cell Genomics 4, 100680, November 13, 2024
(Figures 2C and S3). In particular, we observed early branch-

ing of endoderm from mesendoderm and, subsequently, LPM

from PSM, the former becoming the CM lineage and the latter

becoming the MP and VE populations (Figure 2C). Further ex-

amination of the CM lineage developmental trajectory enabled

the interrogation of the gene expression and motif enrichment

dynamics, including the genetic program differences at the

developmental branchpoint between 2D and 3D hPSC-CMs

(Figures 2C and 2D). Specifically, we discovered that 2D

hPSC-CMs maintained chromatin accessibility in early stem/

progenitor genes (e.g., SOX2) but were unable to activate

the genetic programs of important cardiac marker genes

(e.g., NKX2-5) (Figure 2E). Moreover, these early gene pro-

gram differences may impact downstream gene expression

and chromatin accessibility, resulting in distinct gene pro-

grams and transcriptional regulators (Table S2). For instance,

2D hPSC-CMs primarily express broad cell differentiation

gene programs (e.g., MYH7, COL2A1, ANKRD1) and utilize

TEA domain (TEAD) and AP-1 (e.g., JUND, FOSL2) TFs,

whereas 3D hPSC-CMs specifically express metabolic gene

programs (e.g., DES, CKM, MB) and utilize MEF and NFI TF

family members (Figures 2D and 2E; Table S2). Thus, the

divergent developmental trajectories of 2D and 3D hPSC-

CMs may explain their functional differences.

Reconstructed GRNs of cardiac lineages reveal the
stepwise coordinated genetic programs controlling
human CM development
To identify the gene regulatory programs controlling CM devel-

opment from 2D- and 3D-hPSC cardiac differentiation systems,

we constructed GRNs by integrating our single-cell transcrip-

tomic and chromatin accessibility data using the GRN inference

package Pando68 (Figure 3A; Table S2). These inferred GRNs

were subsequently visualized using a uniform manifold approxi-

mation and projection (UMAP) embedding, identifying hundreds

of TFs that regulate the developmental stage transitions from

mesendoderm (e.g., EOMES, ZIC3) and LPM (e.g., ISL1,

NR2F1), into cardiac mesoderm (e.g., HAND2, GATA4), and

finally into 2Dand3DhPSC-CMs (e.g.,MEF2C, TBX5) (Figure 3B;

Table S2). Applying pseudotime derived from our trajectory ana-

lyses onto these GRNs revealed the progressive activation of

TFs and GRNs during CM development (Figure 3B). In particular,

we identified known TF regulators and regulatory interactions

both early and late in CM development (e.g., HAND2 activates

GATA4,104 NKX2-5105 and ISL1106 activate MEF2C, and TBX5

activates NKX2-5107). Many of these TFs display high degree

centrality scores (Figures 3B and S4A; Table S2), reflecting the

interconnectedness of these TFs with the inferred cardiac

GRN. We also uncovered unexpected TF regulation including

the inhibition of GATA4 by mesendoderm TFs ZIC2 and ZIC3

and the activation of GATA4 by LPM TFs NR2F1 and HAND1,

which may underlie some of the developmental differences be-

tween 2D and 3D hPSC-CMs (Figure 3B; Table S2). Globally,

this CM lineage GRN reveals that the chromatin accessibility of

regulatory regions and the expression of TFs align with distinct

stages of cardiac development.

To understand the differences in GRN activity within CMs be-

tween the two cardiac differentiation systems, we analyzed the



Figure 2. Single-cell multi-omic studies and trajectory analysis uncover specific developmental CM lineages and their respective gene
regulatory programs

(A) Schematic of scRNA-seq and snATAC-seq workflows of 2D and 3D hPSC-CM differentiations over six developmental stages.

(B) scRNA-seq (left) and snATAC-seq (right) UMAP visualization represented by cell population, differentiation system (top right), and time in days (bottom right)

for 2D and 3D hPSC-CM differentiations.

(C) Developmental trajectory of differentiation systems displayed by cell population (left), time (middle), and differentiation system (right). Developmental tra-

jectory of CM lineage is shaded in gray from hPSCs to distinct 2D and 3D hPSC-CMs utilized in (D).

(D) Heatmap of developmental CM lineage trajectory displays dynamic gene expression andmotif enrichment Z score throughout pseudotime and collection time

point.

(E) Gene expression (top) and gene activity based on chromatin accessibility (bottom) for representativemarker genes for specific cell populations aremapped on

to developmental trajectories. Arrowheads point to major differences in gene expression and chromatin accessibility between differentiation systems.

max, maximum.

See also Figures S2 and S3.
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GRNs that regulate the 2D and 3D hPSC-CM URD trajectory

branches to identify cardiac-system-specific gene regulation

(Figure 3C; Table S2). We partitioned the overall CM lineage

GRN into a trajectory branch-specific GRN, built from differential

TFs at the trajectory branchpoint (Figures 3C and S4B; Table S2).

This branch-specific GRN revealed shared TFs such as those in

theMeis homeobox (MEIS) and Pbx homeobox (PBX) TF families

as well as system-specific TFs for 2D (e.g., FOS, JUN, T cell fac-

tor [TCF], and TEAD TF families) and 3D hPSC-CMs (e.g., HSF TF
family, MEF2C) (Figure 3C; Table S2). Notably, TCF4 and

TCF7L2, pre-branchpoint TFs, were predicted to regulate

TEAD1 and JUN, respectively, which control post-branchpoint

GRNs specific to the 2D hPSC-CM differentiation system,

demonstrating the temporal dynamics of these cardiac GRNs

(Table S2). Globally, 2D hPSC-CM lineage GRNs were enriched

for genes associated with muscle development and system

development processes, exemplified by TOP2A, TTN, and

TUBA1A gene regulation, whereas 3D hPSC-CM lineage GRNs
Cell Genomics 4, 100680, November 13, 2024 5
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Figure 3. Interrogating joint transcriptional profiles and chromatin accessibility uncovers distinct gene regulatory programs during cardiac

development

(A) Schematic of how GRNs are generated using Pando for the CM lineage.

(B) UMAP embedding of the inferred CM lineage TF network based on correlation between TFs. Node size represents degree centrality, node color represents

expression-weighted pseudotime, and edge color represents adjusted p value of the inferred interactions. UMAP embedding in the top right is shaded by cell

population. UMAP embeddings in the bottom right highlight examples of previously known (solid line) and predicted (dashed line) TF interactions, with green lines

representing activated and red lines representing inhibited gene regulation.

(C) Interrogating CM lineage TF network specifically at the branchpoint of CM lineage developmental trajectory reveals the distinct TFs in 2D and 3D hPSC-CMs.

Schematic shows how 2D versus 3D CM branch-specific GRNs were generated by integrating CM lineage GRNs with differentially expressed TFs at the

branchpoint of the CM lineage developmental trajectory (left). Gene Ontology (GO) terms for genes regulated by the 2D- or 3D-hPSC system-specific TFs (right).

(D) Bar plot shows differential gene target specificity for 2D- (top) and 3D-hPSC (bottom) system-specific TFs.

(legend continued on next page)
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were enriched for genes associated with muscle differentiation

processes, including MYH6, TNNT2, and ATP2A2 gene regula-

tion (Figure 3C; Table S2).

To identify cardiac-system-specific TF regulation, we classi-

fied TFs by their branch-specific gene target sets, defined by

genes enriched in 2D or 3D hPSC-CMs (Figure 3D; Table S2).

TFs such as TWIST1, CREM, and AP-1-related TFs (e.g., JUN,

JUND, and JUNB) regulated more 2D-hPSC system-specific

target genes, while HSF1, MEF2A, and BHLHE40 regulated

more 3D-hPSC system-specific target genes (Figure 3D). To pri-

oritize the TFs likely contributing to the regulation of the bifurca-

tion between 2D and 3D hPSC-CMs, we identified branch-spe-

cific active TFs based on the differential gene expression and

motif utilization at the branchpoint. We discovered that AP-1-

related TFs, which are involved in cell proliferation, are the

most active in the 2D-hPSC system, whereas MEF2C and

HSF1, which are involved in heart development and metabolic

processes, are the most active in the 3D-hPSC system (Fig-

ure 3E; Table S2). This finding alignswith the high degree central-

ity of these TFs, supporting their activity and interconnectedness

within each cardiac-system-specific GRN (Figure S4B). Through

these analyses, we identified early shared TFs (e.g., MEIS- and

PBX-related TFs) within developing CMs as well as differentially

expressed TFs between the CM differentiation systems, which

allow for CM system-specific gene regulation (e.g., AP-1-related

TFs activating cell proliferation genes in the 2D-hPSC system,

MEF2C and HSF1 activating metabolic and cardiac genes in

the 3D-hPSC system) (Figure 3F). Thus, these gene regulatory

programs provide insights into the dynamic GRNs throughout

CM development and system-specific GRNs differentiating 2D

and 3D hPSC-CMs, potentially explaining the functional differ-

ences identified between systems.

CRISPR-Cas9 KO screen uncovers TFs important in CM
development
To complement our inferred GRNanalyses and functionally inter-

rogate how TFs impact CM differentiation between in vitro sys-

tems, we employed a comprehensive CRISPR-Cas9 TF KO

screen for 1,639 TFs (Figures 4A and S4C–S4G; Table S3).108

By analyzing the single guide RNA (sgRNA) enrichment in the

CM and non-CM cell populations (n = 3 biological replicates/

condition), we identified TFs promoting or blocking CM differen-

tiation as evidenced by enrichment of sgRNAs in non-CMs or

CMs, respectively. The 2D-hPSC TF KO screen identified 155

TFs promoting and 98 TFs blocking CM differentiation, whereas

the 3D-hPSC TF KO screen identified 112 TFs promoting and

411 TFs blocking CM differentiation (Figures 4B and 4C;

Table S3). Although there were more TFs differing between CM

differentiation methods, there were 13 overlapping TFs promot-

ing and 21 overlapping TFs blocking CM differentiation between

2D- and 3D-hPSC systems (Figure S4H). These factors con-

tained known TFs including THRA, a heart development regu-
(E) Scatterplot reveals TFs active in 2D and 3D hPSC-CMs based on differenti

integrative TF ranking between 2D and 3D hPSC-CMs using the mean log2(fold

(F) Schematic of the identified gene regulatory differences before and after the C

min, minimum.

See also Figure S4.
lator,109 which promoted CM differentiation in both systems,

and, by contrast, NANOG, a pluripotency regulator,110 which

blocked CM differentiation in both systems (Figure S4H). More-

over, while many of the TFs blocking CM differentiation were

different between systems, the majority were involved in devel-

oping non-cardiac lineages, including those of non-cardiogenic

mesoderm origin, such as SOX8 in kidney development111 and

OLIG3 in spinal cord development112 in 2D- and 3D-hPSC sys-

tems, respectively, thus suggesting that inhibiting other germ

layers may promote CM lineage development in both systems

(Figures 4B and 4C).

To investigate TF-driven gene regulation differences between

the in vitro CM differentiation systems, we analyzed the TFs that

promoted CM differentiation in each system. In the 2D-hPSC

system, early developmental TFs, in particular those in the b-cat-

enin pathway (e.g., TCF4, TCF7L2, etc.) that can specify early

mesoderm,113 were identified (Figure 4B; Table S3). Conversely,

the 3D-hPSC system contained many known cardiac TFs

involved in reprogramming (e.g., NKX2-5, GATA4, etc.) (Fig-

ure 4C; Table S3). Thus, TFs promoting CM differentiation in

the 2D-hPSC system were primarily involved in early mesendo-

derm development, whereas those in the 3D-hPSC system

were late cardiac TFs, aligning with the GRN findings

(Figures 3B, 3C, 4B, and 4C). Ultimately, our CRISPR-Cas9 TF

KO screen identified both known and unknown TFs that regulate

CM differentiation in 2D- and 3D-hPSC systems, providing valu-

able insights for optimizing directed CM differentiation.

To uncover how these TFs function in each cardiac-system-

specific GRN, we constructed individual GRNs for 2D and 3D

hPSC-CM lineages inferred from Pando and analyzed the role

of these genomic screen candidates in each GRN (Figures 4D,

S4I, and S4J; Table S3). This analysis identified 5 shared and

72 and 52 functionally significant TFs in the 2D and 3D hPSC-

CM lineages, respectively (Figure 4D; Table S3). Furthermore,

TFs in the top 10% of our 2D CM GRN were 1.8 times more en-

riched in the screen than those in the bottom 10%, based on de-

gree centrality (Table S3). In the 3D CMGRN, the top 10% of TFs

displayed 2.7 times greater enrichment in the screen than the

bottom 10% (Table S3). In both systems, known cardiac TFs

including THRA109 and IRX3114,115 were identified, revealing

shared regulatory mechanisms within in vitro CM development

(Figure 4D). Conversely, TCF-related TFs functioning in the

b-catenin pathway and cardiac developmental TFs were vali-

dated in 2D- and 3D-hPSC systems, respectively (Figure 4D),

revealing the essential TFs for directed CM differentiation in

each system.

To investigate whether these TFs regulate differences be-

tween 2D and 3D hPSC-CMs, we filtered the functionally vali-

dated TFs to retain those active at the CM trajectory branch-

point, identifying seven TFs in the 2D-hPSC system and two

TFs in the 3D-hPSC system (Figures 4E, S4K, and S4L). We iden-

tified known regulators including three TCF-related TFs in the
ally expressed genes versus differential motif utilization (left). Bar plot shows

change) of differential expression and motif utilization (right).

M branchpoint between in vitro cardiac systems.
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Figure 4. CRISPR-Cas9 KO screen reveals functionally relevant transcriptional regulators during CM development

(A) Schematic of the CRISPR-Cas9 KO screening strategy.

(B and C) Scatterplots display TFs (representing the average of seven guides analyzed in three biological replicates) that promote (black) or block (dark pink) CM

differentiation in (B) 2D- and (C) 3D-hPSC systems based on TF Z score enrichment. The top three GO terms associated with these TFs are shown.

(legend continued on next page)
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2D-hPSC system, involved in mesendoderm formation,116,117

and MEF2C in the 3D-hPSC system, some of which are involved

in cardiac development.118,119 Additionally, we discovered pre-

viously unknown CM regulators including ATF7, CTCF, KLF13,

and ZKSCAN1 in the 2D-hPSC system and HSF1 in the 3D-

hPSC system (Figure 4E). To understand the role of these TFs

in cardiac development, we analyzed their GRNs to reveal the

interconnectedness among co-regulated genes by the identified

TFs (Figure 4E). 2D-hPSC system-specific TFs co-regulated

genes involved in cell cycle processes, including AURKB,

CCNA2, and CDC25B genes, whereas 3D-hPSC system-spe-

cific TFs co-regulated genes involved in metabolism and heart

contractility processes, including ACADVL and NDUFS2 and

MYH7 and TNNT2 genes, respectively (Figures 4E and S4M;

Table S3). The finding that 2D hPSC-CMs expressed cell cycle

regulators was consistent with the increased levels of Ki-67, a

marker of proliferation, in 2D hPSC-CMs versus 3D hPSC-CMs

(Figure 1B). By integrating our screen candidates with the car-

diac-system-specific GRNs and branchpoint-specific TFs from

the URD trajectory, we uncovered how cardiac-system-specific

TFs and their gene regulatory programs may regulate CM devel-

opment between different differentiation systems.

HSF1 directly regulates cardiometabolic function
HSF1, a top regulator of CM differentiation enriched in 3D hPSC-

CMs (Figures S5A and S5B), was also identified through a 3D-

hPSC system-specific CRISPR-Cas9 KO screen (Figure 4).

Consistent with its role in regulating cellular homeostasis and

metabolism by modulating the oxidative state of the mitochon-

dria,120–124 our 3D CM lineage GRNs show that HSF1 activates

mitochondria- and metabolic-related genes including COX6A2,

MTFR1L, and ATP5F1A (Table S4). However, how HSF1 may

regulate cardiac development remains unclear.

To investigate the role of HSF1, we generated three clonal

HSF1 KO hPSC lines, differentiated them into 3D hPSC-CMs,

and performed transcriptomic analyses (Figures 5A, 5B, and

S5C–S5E; Table S4). HSF1 KO hPSC-CMs displayed upregu-

lated genes within the Gene Ontology (GO) category of system

development (e.g., known developmental genes SOX2125 and

LIN28A126) (Figure 5B; Table S4). Conversely, control hPSC-

CMs exhibited upregulated genes in metabolic processes (e.g.,

known metabolic genes CAT127 and HMGCS2128) (Figure 5B;

Table S4). We also observed significant overlap between the

differentially expressed genes in HSF1 KO hPSC-CMs and the

predicted genes regulated by HSF1 from the 3D hPSC-CM line-

age GRN, including many involved in metabolic processes such

as PLCB2, DECR1, and AK4 (Figure 5C).

We examined how HSF1 loss of function may lead to meta-

bolic changes within CMs. As HSF1 is a known modulator of
(D) Schematic shows strategy for prioritizing functional TFs by integrating screen c

system, top right). Bar plot shows the ranking of functionally validated TFs by d

System-specific TFs are highlighted in blue, and shared TFs between systems a

(E) UMAP embedding displays the functionally validated TFs in the 2D (left) and

activated or inhibited gene. GO terms are presented for the activated (green) an

dox, doxycycline; FACS, fluorescence-activated cell sorting; FSC, forward scatte

positive.

See also Figure S4.
oxidative stress, we observed increased reactive oxygen spe-

cies (ROS; normalized to mitochondria content) in HSF1 KO

hPSC-CMs, suggesting that HSF1 regulates oxidative stress in

CMs (Figure 5D). Contrasting the widespread, uniform distribu-

tion of mitochondria within the control hPSC-CMs, we observed

perinuclear aggregation of mitochondria coinciding with ROS

localization in HSF1 KO hPSC-CMs, which has been reported

in other cell systems129 (Figure 5D). However, there was no sig-

nificant difference in mitochondria quantity between the HSF1

KO and control hPSC-CMs (Figure S5F), indicating that HSF1

impacts mitochondria localization rather than quantity (Fig-

ure 5D). As mitochondria localization is important for CM func-

tion,89,90 we measured metabolic capacity using the Seahorse

mitochondria stress test (Figures 5E, 5F, and S5G–S5K). HSF1

KO hPSC-CMs were less energetic and more quiescent as

exemplified by significantly reduced basal respiratory capacity,

mitochondria coupling, non-mitochondria oxygen consumption,

and ATP production compared to control hPSC-CMs (Fig-

ures 5E, 5F, and S5G–S5K). These metabolic alterations are

indicative of decreased mitochondrial function and a quiescent

metabolic state in the HSF1 KO hPSC-CMs (Figures 5E, 5F,

and S5G–S5K). Therefore, loss of HSF1 within CMs leads to de-

fects in mitochondria localization and metabolic function.

Because HSF1 is an essential candidate regulator of CM dif-

ferentiation identified from our CRISPR-Cas9 TF KO screen (Fig-

ure 4E), we also investigated whether the HSF1-dependent de-

fects in mitochondria localization and metabolic function may

lead to reduced numbers of CMs and/or increased cell death.

CM percentage was significantly reduced in the HSF1 KO as

compared to control (Figure S5L). To examine whether the

decrease in CMs in the HSF1 KO was a function of increased

cell death in CMs, we analyzed the percentage of apoptotic cells

and found a 2-fold increase in cell death in the HSF1 KO hPSC-

CMs versus control (Figure 5G). Altogether, these findings reveal

that HSF1 is important in maintaining metabolic homeostasis

through its regulation of metabolic and mitochondrial genes in

CMs, which, when impaired, results in functional defects

including increased ROS, reductions in mitochondrial distribu-

tion, and decreased ATP production, therefore leading to

increased CM cell death (Figure 5H).

HSF1 is a potential regulator in the developing human
heart
To investigate whether HSF1may be a key regulator in CMswithin

the early human heart, we integrated scRNA-seq96 and snATAC-

seq97 of a developing human heart at 15 post-conception weeks

(PCW) to construct a CM-based GRN and analyze the regulatory

roleofHSF1 (Figures6AandS6A–S6F;TableS5). TheCM-specific

GRN generated from the 15 PCW fetal heart data revealed many
andidates and system-specific GRNs (2D-hPSC system, top left, and 3D-hPSC

egree centrality in the 2D- (bottom left) and 3D-hPSC systems (bottom right).

re highlighted in black.

3D system-specific hPSC-CM GRNs (right). Gene node color represents an

d inhibited (red) genes for each differentiation method.

r; NGS, next-generation sequencing; diff, differentiation; exp, expression; pos,
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Figure 5. Loss of HSF1 function results in dysregulation of metabolic genes, improper mitochondria localization, and reduced metabolic

function

(A) Targeting strategy to generate hPSC HSF1 KO lines (top). PCR genotyping confirmed three hPSC HSF1 KO lines (versus the control hPSC line), cropped to

remove the righthand ladder (bottom).

(B) Volcano plot shows top differentially expressed genes (dashed lines demarcate log2(fold change) > 0.5 and adjusted p < 0.05) between control and HSF1 KO

hPSC-CMs with GO terms for differentially expressed genes.

(C) UMAP embedding of the 3D CM lineage GRN specific forHSF1 reveals genes activated (green) and inhibited (red) byHSF1 including top GO terms with some

of their associated genes. Enlarged nodes represent genes identified in both the 3D CM lineage GRN and differential bulk RNA-seq data between HSF1 KO and

control hPSC-CMs.

(D) Quantification (left) and immunostaining (right) display ROS and mitochondria localization and intensity (n = 3; 45 hPSC-CMs/condition). Insets are high-

magnification views of the regions outlined by white box (right) with white arrowheads pointing to regions of well-distributedmitochondria and yellow arrowheads

pointing to regions of aggregated mitochondria. Scale bar: 10 mM. Dashed line: nucleus (n).

(E) Scatterplot of extracellular acidification rate (ECAR) versus oxygen consumption rate (OCR) (n = 3; n = 6 technical replicates/condition).

(F) Basal respiration rate (n = 3; n = 6 technical replicates/condition).

(G) Bar plot shows CM cell death (n = 3; 200 hPSC-CMs/condition).

(H) Schematic illustrates how HSF1 functions in hPSC-CMs.

(D–G) Data were analyzed using a two-tailed Student’s t test. p < 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Data are represented asmean ±SEM.

bp, base pair; kb, kilobase; chr, chromosome; mol, molecule; dev, development; ns, not significant; mito, mitochondria.

See also Figure S5.
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Figure 6. HSF1 is a potential transcriptional regulator of cardiometabolic gene programs in the developing human heart

(A) Schematic of strategy for scRNA-seq and snATAC-seq of human hearts for analyzing in vivo CMs. Dotted lines outline the cells utilized in building the CM-

specific GRN. UMAP embedding of the inferred human fetal CM GRN based on correlation between TFs (right). UMAP embedding in top right is shaded by CM

cell population specificity.

(B) Comparison between human fetal CM and 3D CM lineage GRNs identifies a high number of shared TFs between GRNs.

(C) GO terms for HSF1 GRNs in 3D CM lineage and human fetal CMs show shared gene functions in activated (green) and inhibited (red) genes.

(D) Intersection of 3DCM lineage and human fetal CMGRNs specific forHSF1 reveals a significant enrichment of CHDgenes (red) in the 3D hPSC-CM lineage (p =

3.523 10�5) and human fetal CM HSF1 GRNs (p = 1.02�3) based on a Fisher’s exact test. Activated and inhibited gene regulation represented in green and red,

respectively.

PCW, post conception weeks; ncCM, non-chambered cardiomyocyte; n.d., no difference.

See also Figure S6.
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known cardiac regulators with high degree centrality, including

TBX533,34 and ESRRA,130–132 illustrating the interconnectedness

of these TFs within the GRN (Figure S6F; Table S5). Additionally,

by visualizing the GRN using a UMAP embedding, we identified

three distinct groups of TFs, (1) NR2F2 and NR2F1; (2) IRX3,

IRX4, andHEY2; and (3) PBX1, PBX2, andMEIS1, that were asso-

ciatedwith atrial (aCM), ventricular CM (vCM), and earlyCMdevel-

opment, respectively (Figure 6A). Notably, HSF1, a top regulator in

the 3D hPSC-CM lineageGRN (Figure S4J), also groupedwith the

vCM TFs in the fetal CM GRN (Figure 6A), suggesting that HSF1

may regulate genes involved in vCM functionality in vivo. By

contrast, many 2D-hPSC system-specific TFs grouped with early

CM developmental TFs in the fetal CM GRN (Figure 6A). We then

analyzed the human fetal CM GRN with the 2D and 3D hPSC-

CM lineage GRNs to compare gene regulation among different

populations of CMs and discovered that the majority of TF regula-

tors between theseGRNswere shared, including known TFs (e.g.,

ESRRG, TBX5) (Figure S6G). Additionally, the 3D hPSC-CM line-

age GRN shared more TF regulators and regulated genes with

thehuman fetalCMGRNthan the2DhPSC-CMlineageGRN,sup-

porting a greater similarity between the 3D hPSC-CM lineage and

human fetal CM GRNs (Figures 6B, S6G, and S6H). Consistent

with these findings and the maturity of 3D hPSC-CMs, the tran-

scriptomic profiles of human fetal CMs from 9 to 15 PCW99 more

closely resemble those from 3D hPSC-CMs than 2D hPSC-CMs

(Figure S6I; Table S5).

Given this alignment in transcriptomic profiles, we next inves-

tigated whether HSF1 displays a similar role in both in vitro and

in vivo human CMs by analyzing their inferred GRNs for HSF1.

Based on GO terms, HSF1 was predicted to function as an acti-

vator of metabolic genes and an inhibitor of non-specific cellular

process genes in vitro and in vivo (Figure 6C; Table S5). Interro-

gating HSF1 GRNs between human fetal CM and 3D hPSC-CM

lineages revealed shared HSF1 gene targets, including the acti-

vation of genes (e.g., COQ10A, UQCRB, and NDUFV1) func-

tioning in oxidative phosphorylation and metabolite generation

(Figure 6D; Table S5). Since we identified HSF1 as a potential

regulator of early cardiac developmental genes, we investigated

whether HSF1may be involved in CHD.While there are no known

HSF1mutations in patients with CHD133 (Table S5), our GRNs re-

vealed that HSF1 target genes were implicated in CHD based

on published datasets.67 There were statistically more CHD-

associated genes enriched in the 3D hPSC-CM lineage

(p = 3.52 3 10�5) and human fetal CM HSF1 GRNs (p = 1.02 3

10�3) than expected by chance, based on a Fisher’s exact test

(Figure 6D), corroborating the importance of HSF1 in human car-

diac development. Moreover, HSF1 target genes within the 3D

hPSC-CM lineage and human fetal CM GRNs were also statisti-

cally enriched in genes associated with heart rate and hypertro-

phic cardiomyopathy (Table S5), thus supporting the role of

HSF1 and its regulatory network in influencing broader cardiac

traits. Thus, HSF1 is a vital cardiometabolic regulator within

in vitro 3D-hPSC and human fetal CMs.

DISCUSSION

Substantial efforts have been devoted to understanding how

distinct cardiac cell types, including CMs, emerge from cardiac
12 Cell Genomics 4, 100680, November 13, 2024
developmental sources.134,135 Although prior studies have

begun to illuminate the lineage relationships between cardiac

progenitors and their differentiated cell types,56,136 and the role

of some specific genes regulating their development,106,137–140

the underlying GRNs coordinating molecular programs directing

cell fate decisions of cardiac progenitors into CMs remains to be

fully elucidated. Thus, to address this crucial question, we com-

bined multi-modal integrative single-cell analyses with high-

throughput genomic studies to illuminate GRN dynamics

and their corresponding TFs, which direct human cardiac

development.

From these single-cell studies, we identified and organized

cell populations participating in the developmental transitions

of hPSCs into CMs. This hierarchical organization during CM

development enabled lineage progression analysis to reveal

not only the developmental history of CM lineages but also

the genetic networks guiding their differentiation. We discovered

distinct developmental trajectories between CM lineages

generated from 2D Wnt-based and 3D BMP/ActA-based

CMdifferentiation systems. Notably, these trajectories branched

early during CM development, potentially leading to cellular dif-

ferences between CMs from these systems as observed.91–93

Through our integrative GRN analyses combining scRNA-seq

with snATAC-seq and organized by developmental pseudotime,

we uncovered the coordinated gene regulatory programs direct-

ing intermediate cell fate decisions during CMdevelopment from

these differentiation systems, as well as the TFs directing these

GRNs. We identified well-known regulators of CM development

shared between the two CM lineage trajectories including those

in the MEIS and PBX TF families, which function cooperatively

during heart development141–143 and CHD.144 Additionally, we

discovered other known TFs specific for each CM lineage trajec-

tory. TEAD1, -2, and -4 TFs, which regulate cardiac prolifera-

tion,145–148 were observed in the 2D-hPSC system, whereas pre-

viously identified cardiac lineage-determining factors such as

MEF2C30–32 were present in the 3D-hPSC system. Furthermore,

we discovered TFs with less recognized roles in cardiac function

regulating these cardiac GRNs. For instance, AP-1-related TFs,

predicted to regulate genes involved in cell proliferation, were

identified in the 2D-hPSC system, and HSF1, predicted to regu-

late genes involved in metabolite generation, was detected in

the 3D-hPSC system. Notably, TEAD family and AP-1-related

factors, shown to synergistically regulate cell cycle target

genes,149,150 specifically coordinate GRNs in the 2D hPSC-CM

system, which displayed increased CM proliferation.

While our GRN analyses revealed potential TFs directing these

GRNs, our high-throughput functional genomic screen validated

which of these TFs may be functionally significant for CM devel-

opment within each cardiac differentiation system. In the

CRISPR-Cas9 screen using the Wnt-based 2D hPSC-CM differ-

entiation system, we identified TCF4 and TCF7L2, involved in the

Wnt/b-catenin pathway and the initiation of the development of

the mesendoderm,116,117 a cell population observed in the 2D

but not the 3D hPSC-CM system. Our GRN analysis revealed

that TCF4 and TCF7L2 were also predicted to regulate TEAD1

and JUN, respectively, controlling GRNs specific to the 2D

hPSC-CM system. For 3D hPSC-CM differentiation, essential

TFs identified from our 3D hPSC-CM screen included known
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cardiac reprogramming factors, such as GATA4 and

MEF2C,151–153 as well as HSF1, a less recognized TF in CM

development.

Our GRN analysis and experimental studies revealed that HSF1

may be crucial for regulating metabolic genes and CM meta-

bolism. Additionally, loss of HSF1 function in 3D hPSC-CMs

results in cardiac mitochondrial and metabolism defects, pheno-

copying some of the 2D hPSC-CM metabolic phenotype

(compare Figures 1F–1I to Figures 5D, 5F, S5J, and S5K), and im-

pairs CM survival, highlighting the importance of metabolism in

CM development and maturation.47,88,154,155 Supporting the crit-

ical role of HSF1 in CM development, we discovered that target

genes regulatedbyHSF1 are implicatedasCHDcandidate genes.

Given the role of HSF1, along with GATA4 and MEF2C, in hPSC-

CM development, these findings suggest that adding HSF1 to

known cardiac lineage-determining factors including GATA4,

MEF2C, and TBX5 may aid in reprogramming hPSCs and fibro-

blasts into durable adult-like CMs for potential therapeutic use.

Overall, these findings reveal the precise gene regulatory pro-

grams and essential TFs guiding the dynamic events during the

development of stem cells into human CMs, including gene regu-

latory differences underlying the functional disparity betweenCMs

from different in vitro cardiac systems. However, as human car-

diac in vitro models progress, our single-cell genomic-based

GRN and functional genomic screening strategies may be em-

ployed to investigate the gene programs and TFs governing CM

differentiation into specific subpopulations (e.g., aCMs, vCMs,

etc.), facilitating reprogramming strategies to treat cardiac dis-

eases. Finally, while such information may be used to develop

highly functional CMs for cardiac regenerative therapies, they

may be also valuable for understanding early human cardiac

development and pathologic mechanisms underlying CHD.

Limitations of the study
Our studies focused on the early aspects of hPSC-CM develop-

ment (day 25 or less) andmay be limited in discovering gene reg-

ulatory programs directing later events, including differentiation

into specific CM subtypes (i.e., aCMs and vCMs) andmaturation

at later time points. Furthermore, our study focused on identi-

fying essential TFs that promote CM differentiation but may

have limitations in uncovering functionally redundant TFs. More-

over, we have shown that HSF1 may be required in regulating

metabolic gene programs; however, HSF1 overexpression may

not be sufficient to drive a comprehensive maturation process

similar to 3D hPSC-CMs. Lastly, additional studies may be

necessary to validate how GRNs and TFs coordinate human

CM development in vivo, as our study primarily utilized in vitro

hPSC systems.
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Alexa Fluor� 647 Mouse Anti-Cardiac Troponin T BD Biosciences Cat# 565744; RRID: AB_2739341

Recombinant Anti-HSF1 antibody Abcam Cat# ab52757; RRID: AB_880518

GAPDH Antibody Santa Cruz Biotechnology Cat# sc-25778; RRID: AB_10167668

N-cad Mouse Monoclonal Antibody Invitrogen Cat# MA1-91128; RRID: AB_1958717
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Antimycin A Sigma Aldrich Cat# A8674

Rotenone Sigma Aldrich Cat# R8875

Critical commercial assays

PureLinkTM Genomic DNA Mini Kit Invitrogen Cat# K182001

QuickExtract DNA Extraction Kit LGC Biosearch Technologies Cat# SS00035-D2

Direct-zol RNA Miniprep Kits Zymo Research Cat# R2051

Deposited data

Images and Gels This paper; Mendeley data Mendeley Data: https://data.mendeley.com/datasets/

gkzw2szmzw/2

scRNA-seq/snATAC-seq for human fetal heart

samples and scRNA-seq/snATAC-seq for

in vitro cardiomyocyte differentiations visualization

This paper https://cells.ucsc.edu/

?ds=heart-development

scRNA-seq and snATAC-seq for human

fetal heart samples: 15 PCW

This paper Raw sequencing data are available from

dbGAP under accession number

(dbGAP: phs002031 and dbGAP: phs003473).

scRNA-seq for in vitro cardiomyocyte

differentiations

This paper Raw sequencing data are available from

CIRM CESCG (https://cirm.ucsc.edu)

under accession number (chiCardiomyocyte1)

snATAC-seq for in vitro cardiomyocyte

differentiations

This paper Raw sequencing data are available from

GEO under SuperSeries GEO: GSE245499

and SubSeries GEO: GSE245498

https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE245499

CRISPR/Cas9 TF KO Screen This paper Raw sequencing data are available from

GEO under SuperSeries GEO: GSE245499

and SubSeries GEO: GSE245496

https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE245499

HSF1 Bulk RNA-seq data This paper Raw sequencing data are available from

GEO under SuperSeries GEO: GSE245499

and SubSeries GEO: GSE245497

https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE245499

Experimental models: Cell lines

HEK293T Takara Cat# 632180

H9 MYL2-H2B-GFP TNNT2:NLS-mKATE2 This paper N/A

H9-hTnnT2-pGZ-D2 WiCell N/A

Oligonucleotides

HSF1 knockout oligonucleotides; see Table S6 This paper N/A

Primers for RNA expression and DNA copy

number quantification; see Table S6

This paper N/A

Recombinant DNA

CRISPR/Cas9 TF library Zhang et al.108 Addgene #162275

TREG:Cas9 Piggybac Wang et al.156 N/A

PB-TNNT2:NLS-mKATE2-T2A-BsdR This paper N/A

lentiMPH v2 Joung et al.157 Addgene #89308

Piggybac plasmid Laboratory of Karl Willert #pcsj532

Human-optimized PB transposase (pcsj533) Laboratory of Karl Willert #pcsj533

Synthesized TNNT2 promoter Lin et al.158 N/A

pgRNA-CKB66 Mandegar et al.159 Addgene #73501

PCR-amplified PGK from RT3GEPIR Fellmann et al.160 Addgene #111169
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pMD2B gift from Didier Trono Addgene #12259

psPAX2 gift from Didier Trono Addgene #12260

Software and algorithms

Knockout Guide Design Tool Synthego https://design.synthego.com/#/

UCSC Genome Browser Kent et al.161 http://genome.ucsc.edu

CellRanger v3.0.1 10X Genomics Inc. http://software.10xgenomics.com/

single-cell/overview/welcome

Fiji version 2.1.0/1.53c Schindelin et al.162 https://imagej.net/software/fiji/

GraphPad Prism GraphPad https://www.graphpad.com/

scientific-software/prism/

Seurat v4.0.1 Hao et al.96 https://satijalab.org/seurat/

DoubletFinder McGinnis et al.163 https://github.com/chris-mcginnis-ucsf/

DoubletFinder

ArchR Granja et al.97 https://www.archrproject.com/

MACS2 version 2.2.7.1 Zhang et al.164 https://github.com/macs3-project/MACS

Pando (v1.0.0) Fleck et al.68 https://github.com/quadbio/Pando

g:Profiler Kolberg et al.165 https://biit.cs.ut.ee/gprofiler/gost

URD v.1.1.1 Farrell et al.103 https://github.com/farrellja/URD

Cytoscape version 3.7.2 Shannon et al.166 https://cytoscape.org/

MaGeCK Li et al.167 https://sourceforge.net/p/mageck/wiki/Home/

FASTQC Andrews168 https://www.bioinformatics.babraham.ac.uk/

projects/fastqc/

STAR aligner Dobin et al.169 https://github.com/alexdobin/STAR

DESeq2 Love et al.170 https://www.bioconductor.org/packages/

release/bioc/html/DESeq2.html

featureCounts Liao et al.171 https://subread.sourceforge.net/

featureCounts.html

ggplot2 Wickham172 https://ggplot2.tidyverse.org/index.html

edgeR Robinson et al.173 https://bioconductor.org/packages/

release/bioc/html/edgeR.html

EnhancedVolcano Blighe et al.174 https://github.com/kevinblighe/

EnhancedVolcano

STRING database Szklarczyk et al.175 https://string-db.org/

FLOWJO 10.7.1 BD Biosciences https://www.flowjo.com/

Sony SH800/MA900 Cell Sorter Software Sony https://www.sonybiotechnology.com/

us/instruments/ma900-multi-

application-cell-sorter/

CFX Manager version 3.1 Software Bio-Rad https://www.bio-rad.com/en-us/sku/

1845000-cfx-manager-

software?ID=1845000

Seahorse Wave Software Agilent https://www.agilent.com/en/product/

cell-analysis/real-time-cell-metabolic-

analysis/xf-software/seahorse-wave-

desktop-software-740897

Other

MATLAB script for calcium imaging analysis This paper https://doi.org/10.5281/zenodo.13798843
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

HEK293T cells
HEK293T cells were cultured in DMEM (Gibco) supplemented with 10% FBS at 37�C, 5% CO2. HEK293T were maintained by

dissociation into single cells at 70–80% confluency with TrypLE (Gibco) and seeded at a dilution of 1:10 in DMEM with 10% FBS.
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hPSCs
For the CRISPR/Cas9 screen, an engineered TREG3:Cas9 Piggybac (PB) plasmid (generous gift fromWilliam Pu156) was jointly trans-

fected with a TNNT2:NLS-mKATE2-T2A-BsdR PB plasmid into H9 hPSCswith aMYL2-H2B-GFP bacterial artificial chromosome.176

To generate the PB-TNNT2:NLS-mKATE2-T2A-BsdR plasmid, we used the PB plasmid pcsj532 (generous gift from Karl Willert,

UCSD) and used Gibson assembly (SGI, GA1200) to clone in a synthesized TNNT2 promoter158 (Integrated DNA Technologies),

PCR-amplified NLS-mKATE2-T2A-BsdR (with polyA) from pgRNA-CKB66159 (generous gift from Bruce Conklin, Gladstone), PCR-

amplified PGK from RT3GEPIR160 (generous gift from Johannes Zuber, IMP, Austria), and PCR-amplified HygroR from lentiMPH

v2157 (generous gift from Feng Zhang). All four components were assembled using one Gibson assembly reaction with pcsj532 di-

gested using NheI (NEB R3131L). The PB-TREG3:Cas9 plasmid was also modified by changing out the PuroR to BsdR in a similar

method as described above. H9 hPSCswere jointly transfected using Lipofectamine STEMReagent (Invitrogen STEM00015) with the

PB-TREG3:Cas9, PB-TNNT2:NLS-mKATE2-T2A-BsdR, and a plasmid expressing a human-optimized PB transposase (pcsj533,

generous gift from Karl Willert, UCSD) to integrate the PB. Two days after transfection, the cells were selected using 1 mg/mL blas-

ticidin and 10 mg/mL hygromycin. The surviving cell pool behaved similarly to the parental line in terms of proliferation and differen-

tiation. Protocols were approved by #190561 (Institutional Review Board) at the University of California, San Diego.

For the 2D and 3D hPSC-CM experiments, an H9 hPSC line with a MYL2-H2B-GFP bacterial artificial chromosome and

TNNT2:NLS-mKATE2 reporter was used. For the in vitro single-cell and HSF1 KO studies, the H9-hTnnT2-pGZ-D2 line (TNNT2:GFP

hPSC-CM reporter line) from WiCell was utilized.

hPSC lines were cultured in mTeSR Plus Medium (Stem Cell Technologies) on 1:100 diluted Geltrex (Gibco) coated plates at 37�C,
5% CO2. Lines were maintained by dissociating into single cells at 70% confluency with TrypLE (Gibco), quenching in RPMI-1640

with 10% FBS, centrifuging at 200 g for 5 min to remove the dissociation reagent, and seeding at a dilution of 1:10 in mTeSR Plus

Medium supplemented with 4 mM ROCK inhibitor Y27632 (Tocris) onto Geltrex coated plates. After 24 h, the medium was replaced

with mTeSR Plus Medium without ROCK inhibitor with daily medium changes thereafter.

Generation of an H9 HSF1 KO cell line
HSF1-targeted single guide RNAs (sgRNAs) were designed to target the human HSF1 DNA binding domain located within exons

2–4.177 sgRNAs were selected based on on-target and off-target prediction scores from Synthego (https://design.synthego.com/

#/) and as displayed in the UCSC genome browser (http://genome.ucsc.edu).161 Four sgRNAs were ordered fromSynthego targeting

exon 4 with two sgRNAs on the 50 end of the exon and two sgRNAs on the 30 end of the exon. H9-hTnnT2-pGZ-D2 cells plated at a

density of 250,000 cells were transfected with the following mix in four combinations for each of the sgRNA pairings (e.g., 50 sgRNA 1

and 30 sgRNA 1, etc.). In tube 1, 1.6 mg each from one of two 50 and 30 sgRNAs and 1.2 mL of 20 mMCas9 protein was added to 50 mL

Opti-MEM (Gibco). In tube 2, 4 mL lipofectamine 2000 was added to 50 mL Opti-MEM. Tubes were mixed and incubated for 10 min at

room temperature, and added to H9 cells dropwise.

Two days after transfection, cells with each of the sgRNA pairings were individually split into two groups: one group was used for

KO efficiency assessment and another group was seeded at a density of 2,000 cells in a 10 cm dish for clone selection. KO efficiency

assessment was performed by purifying the genomic DNA according to the PureLink Genomic DNAMini Kit (Invitrogen), conducting

PCR (ThermoFisher, Platinum SuperFi PCR Master Mix) by amplifying the knocked-out region, and running a 2% agarose gel on the

PCR product for the ratio of smaller, or KODNA, to larger, or wild type DNA, fragment sizes. sgRNA pairings 50 sgRNA 1 + 30 sgRNA 1

and 50 sgRNA 2 + 30 sgRNA 1 were selected for having the highest pooled KO efficiency.

Colonies for the selected sgRNA pairings were expanded for one week and individually scraped into a 96-well plate with mTeSR

supplemented with 4 mMROCK inhibitor. Once 90%confluent, cells were dissociated using versene (Gibco) and split into two 96-well

plates. One plate was used for homozygous KO identification by extracting the genomic DNA using a QuickExtract kit (LGC Bio-

search Technologies), conducting PCR (EmeraldAmp PCR Master Mix, Takara) by amplifying the knocked-out region, and running

a 2% agarose gel on the PCR product for a smaller fragment size. Of the clones, approximately 50% were homozygous and 25%

were heterozygous. Once these clones were identified, the other 96-well plate was used to expand, sequence, and freeze the ho-

mozygous clones until differentiation. DNA sequencing was performed by purifying the DNA according to the PureLink Genomic

DNA Mini Kit (Invitrogen) and submitting the samples for Sanger sequencing (Eton Biosciences).

Human fetal heart tissues
De-identified tissue samples were collected with previous patient consent in strict observance of the legal and institutional ethical

regulations. Protocols were approved by #101021 (Institutional Review Board) at the University of California, San Diego.

METHOD DETAILS

Experimental procedures
Differentiation of hPSCs into CMs in 2D- and 3D-hPSC systems

H9 hPSCswere differentiated into 2D and 3D hPSC-CM systems following predefined protocols.80,81 Briefly, in the 2D-hPSC system,

hPSCs were seeded at a range of densities from 1-2x105 cells per well in a 12-well plate (day �2) and fed with mTeSR Plus Medium

for 2 days. At this time (day 0), cells were treated with RPMI-1640 medium with B27 Supplement without insulin (RPMI B27-; Gibco)
e4 Cell Genomics 4, 100680, November 13, 2024
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supplemented with 10 mM CHIR-99021 (CHIR; Tocris). 24 h later (day 1), the medium was changed to RPMI B27-, and 48 h later

(day 3) the cells were treated with RPMI B27- supplemented with 5 mM IWP-2 (Tocris) for 48 h. 2 days later (day 5), the medium

was changed to RPMI B27-, and on day 7 until dissociation, the medium was changed every 3 days with RPMI with B27 Supplement

with insulin (RPMI B27+). All functional analyses were performed after 25 days of differentiation.

In the 3D-hPSC system, hPSCs were seeded at a density of 5x105 per well in a 6-well and fed with mTeSR Plus Medium until

95–100% confluency was achieved (�3 days, day 0). At day 0, plates were coated with 5% poly(2-hydroxyethyl methacrylate)

(Sigma-Aldrich) to prevent cell attachment, and cells were dissociated as aggregates (‘‘EBs’’), spun down, and resuspended in

StemPro-34 SFM (ThermoFisher) medium supplemented with 2mM L-Glutamine (ThermoFisher), 1-Thioglycerol (ThermoFisher),

and 64 mg/mL L-Ascorbic Acid (ThermoFisher) termed ‘‘SP base’’ with 1:250 Geltrex (ThermoFisher), 10 mM ROCK inhibitor,

1 ng/mL BMP4 (ThermoFisher), and 50 mg/mL Transferrin (Sigma-Aldrich). 24 h later (day 1), EBs were spun down and resuspended

in SP basemediawith 50mg/mL Transferrin, 5 ng/mL FGF-basic (PeproTech), 8–10 ng/mLBMP4, and 10 ng/mLActivin A (ActA; R&D

Systems). 3 days later (day 4), EBs were spun down and resuspended in SP base media with 50 mg/mL Transferrin, 15 mM

SB-431542 (Sigma-Aldrich), and 5 mM IWP2. 2 days later (day 6), EBs were allowed to settle in the bottom of the wells and media

was supplemented with SP base media with 50 mg/mL Transferrin, and at day 8 on, media was supplemented with only SP base

media. All functional analyses were performed at 25 days of differentiation.

Collections for scRNA-seq and snATAC-seq

For the in vitro single-cell studies, the hPSC H9-hTnnT2-pGZ-TD2 line was differentiated into CMs and their corresponding devel-

opmental stages using the two protocols discussed above, with differentiation efficiency measured using flow cytometry as done

previously.95 Cells from hPSC,mesoderm, cardiacmesoderm, and CMstages were dissociated as done previously95 and processed

fresh for droplet-based scRNA-seq and snATAC-seq. Dissociated cells were stained with DAPI (Thermo Fisher Scientific) to identify

viable cells (DAPI-negative). In total, 100,000 cells, for scRNA-seq, and 500,000 cells, for snATAC-seq, were sorted and collected

using a Sony SH800 sorter (n = 2).

For the in vivo human fetal heart single-cell dissociation and collection, tissue samples were collected in buffer containing 10 mM

HEPES pH 7.8, 130 mM NaCl, 5 mM KCl, 10 mM Glucose, 10 mM BDM, 10 mM Taurine, 1 mM EDTA, and 0.5 mM NaH2PO4, and

overall morphology was checked under a stereotaxic dissection microscope (Leica). Tissue samples from eight hearts were further

cut into small pieces and enzymatically digested by incubating with Collagenase Type IV (Gibco) and Accutase (ThermoFisher) at

37�C for 60 min. After removing the dissociation media, cells were resuspended in PBS supplemented with 5% FBS and sorted

on a Sony SH800 sorter. Samples were diluted to approximately 1,000 cells per mL before processing for scRNA-seq.

For scRNA-seq, single-cell droplet libraries using the cell suspensions from the Sony SH800 sorter were prepared according to the

manufacturer’s instructions using the 10X Genomics Chromium controller, Chromium Single Cell 30 Library, Gel Bead Kit v2 (PN-

120237), and Chromium i7 Multiplex Kit (PN-120262). All libraries were sequenced on the HiSeq 4000 (Illumina) to a mean read depth

of at least 65,000 total aligned reads per cell. For snATAC-seq, cells were pelleted using the cell suspensions from the Sony SH800

sorter, and the nuclei were isolated and prepared as described previously95 for library sequencing. Libraries were sequenced on

NextSeq 500 or HiSeq4000 sequencers (Illumina) using custom sequencing primers with the following read lengths: 50 + 10 +

12 + 50 (read 1 + index 1 + index 2 + read 2).

Flow cytometry

CMs were dissociated into single cells using Collagenase Type IV (Gibco) for 30 min at 37�C, followed by 5 min of Accutase. Disso-

ciation was quenched using RPMI-1640 with 10%FBS, and cells were centrifuged for 5 min at 200 g. For TNNT2 reporter-based flow

cytometry, cells were examined without fixation with the TNNT2:NLS-mKATE2 or TNNT2:GFP reporter. For TNNT2 and Ki-67 anti-

body-based flow cytometry, cells were fixed in PBS/4% paraformaldehyde with the Alexa Fluor 647 Mouse Anti-Cardiac Troponin T

(BD, 1:200, cat# 565744) or Alexa Fluor 647 anti-mouse/human Ki-67 antibody (BioLegend, 1:100, catalog: 151206). Fixed cells were

washed and stained in PBS with 5% bovine serum albumin (Sigma) and 0.1% Triton X-100 (MP Biomedicals) with antibodies in the

dark for 1 h at room temperature or at 4�Covernight, and thenwashed twice using PBS. Live and fixed cells were resuspended in PBS

with 5% bovine serum albumin and filtered to obtain a single cell suspension for flow cytometry analysis on an MA900 Multi-

Application Cell Sorter (Sony) or FACSAria (BD). Data were collected using the Sony software, and processed and analyzed using

FlowJo software (BD Biosciences). Percentage of proliferating CMs was calculated by dividing the percentage of Ki-67+

TNNT2:GFP+ cells over TNNT2:GFP+ cells.

CRISPR/Cas9 TF KO screen

A comprehensive TF KO library targeting 1,639 TFs from Zhang et al.108 (Addgene, #162275) was amplified as described108 in order

to gain sufficient sgRNA coverage and distribution across the library. Single-end 150 base pair sequencing was performed using a

NovaSeq S4 on the original and amplified libraries, which had high Pearson correlation. To produce virus, HEK293T cells were

seeded in a 10 cm dish in DMEM (Gibco) supplemented with 10% FBS and grown to 70–80% confluency. Cells were transfected

with the following mix. In tube 1, 15 mg of plasmid DNA, 5 mg pMD2B, and 10 mg psPAX2 were added to Opti-MEM (Gibco) to

500 mL total. In tube 2, 100 mL lipofectamine 2000 was added to 400 mL Opti-MEM. Tubes were mixed and incubated for 10 min

at room temperature, and added to HEK293T cells dropwise. Media was changed the following day and virus was collected

the following two days by removing the supernatant, centrifuging at 200 g for 5 min, filtering through a 0.45 mM filter, and storing

at �80�C until usage.
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20 million H9 hPSC TNNT2:NLS-mKATE2 and TREG3:Cas9 cells were transduced with the pooled lentiviral library at a multiplicity

of infection of 0.3. After 4 days of 1 mg/mL puromycin, for selection of transduced cells, and 3 days of 1 mg/mL doxycycline, for Cas9

activation, two replicates of 6 million of the surviving cells were taken as day 0 controls, and the rest of the cells were maintained for

additional replicates or differentiated using 2D- and 3D-hPSC differentiation protocols. Three biological replicates were differentiated

and sorted into TNNT2+ and TNNT2-cells amounting to 6million cells total. Genomic DNA purification was performed using PureLink

Genomic DNAMini Kit (Invitrogen), and two rounds of PCR were performed for sgRNA amplification and addition of indexing primers

(Table S6). Single-end 150 base pair sequencing was performed using a NovaSeq S4 (Illumina). Each library was sequenced to

achieve �500x average coverage over the CRISPR library.

Gene expression and mtDNA copy number quantification

RNA was extracted using TRIzol (Invitrogen) following the manufacturer’s protocol and purified using a Direct-zol RNA Miniprep Kit

(Zymo Research). cDNA was transcribed from 1 mg of RNA using iScript Supermix (Bio-Rad). Genomic DNA purification was per-

formed using PureLink Genomic DNA Mini Kit (Invitrogen). Gene expression or DNA copy number was analyzed using Power

SYBR Green Master Mix (ThermoFisher Scientific) at 10 ng concentration cDNA or 15 ng DNA and run on a CFX Connect qPCR ma-

chine (Bio-Rad) using CFX Manager version 3.1 software. Relative expression levels of each gene were determined by normalizing

expression levels to TBP or to TBP and then control. Relative copy number of mitochondrial DNA (MT-TL1) was determined by

normalizing copy number to a nuclear DNA (MYH7). Primer sequences are listed in Table S6.

Western blot

To confirmHSF1KO in clonal hPSC lines, lysateswere prepared usingNuPAGE LDS sample buffer (Invitrogen) and run on a 4%–12%

NuPAGE gradient gel (Invitrogen) for western analysis. Gels were transferred using standard procedures.178 Nitrocellulose mem-

branes were stained with antibodies for HSF1 (1:1,000 dilution; Abcam) and GAPDH (1:1,000 dilution; Santa Cruz Biotechnology)

as loading control. After washing, the blot was stained with HRP-linked anti-rabbit IgG. Blot was developed using Clarity ECL

(Bio-Rad), imaged using a BioRad ChemiDoc XRS+, and cropped in ImageJ to remove the ladder.

Immunofluorescent assays

In 2D hPSC-CMs, cells were dissociated and plated at a density of 200,000 cells in a Geltrex-coated glass-bottom chamber slide.

3 days after replating, cells were washed with PBS prior to fixation with 4% PFA in PBS for 10 min at room temperature. In 3D hPSC-

CMs, embryoid bodies were washed in DPBS prior to fixation with 4% PFA in PBS for 30 min at room temperature. Embryoid bodies

were then washed with PBS twice and stored in 30% sucrose in PBS overnight at 4�C before embedding in optimal cutting temper-

ature (OCT) compound. Embedded cells were then sectioned at 10 mM using a Leica Cryostat (Leica CM3050S) at�20�C, placed on

a glass slide, and stored at �20�C until staining was performed. For staining, cells were permeabilized in PBS with 0.25% Triton

X-100 for 10 min and blocked for 2 h in blocking buffer (PBS with 0.25% Triton X-100, 5% bovine serum albumin, and 5% normal

donkey serum). Cells were incubated in N-cad Mouse Monoclonal Antibody (Invitrogen, 1:200, cat: MA1-91128), Cx43 Rabbit Poly-

clonal Antibody (Invitrogen, 1:500, cat: 71–0700, lot: WC324579), and/or Anti-Cardiac Troponin T Mouse Antibody (Abcam, 1:200,

ab8295) antibodies in blocking buffer overnight at 4�C. Samples were then incubated in Alexa Fluor 633 Anti-Rabbit (with Cx43; In-

vitrogen, 1:1000, cat: A-21072, lot: 1904421), Alexa Fluor 488 Anti-Mouse (with N-cad; Jackson Laboratories, 1:1000, cat: 715-545-

150, lot: 92290), and/or Alexa Fluor 680 Anti-Mouse (with TNNT2; Invitrogen, 1:1000, cat: A10038, lot: 2680407) secondary anti-

bodies or Alexa Fluor 647 anti-mouse/human Ki-67 antibody (BioLegend, 1:100, catalog: 151206) in blocking buffer for 2 h at

room temperature. Samples were lastly incubated in Hoescht (ThermoFisher) for 10 min at room temperature, mounted on slides

with ProLong Glass Antifade Mountant (Invitrogen), and allowed to dry overnight prior to immunofluorescent imaging. Cells were

imaged at 60x using a Nikon T2 confocal microscope. Rod morphology was calculated using N-cad staining by measuring and

dividing the long axis by the short axis of each cell in Fiji.162 N-cad and Cx43 co-localization analysis was performed in Fiji by

measuring the fluorescent intensity over a linear space in each channel.

Calcium imaging

Cells were dissociated and plated at a density of 300,000 cells/dish in a glass-bottom dish. Three days after replating, cells were

washed with PBS, treated with 2 mM fluo-4 a.m. ester (Biotium) in RPMI B27+ for 15 min at 37�C, and imaged at 488 nm excitation.

Cells were imaged at 60x using a Nikon T2 confocal microscope using the linescanning feature. Linescans were processed using a

custom MATLAB script. Source code is available at https://github.com/arholman-ucsd/calcium-imaging-matlab-script/tree/main.

ROS and mitochondria quantification and visualization

ROS and mitochondria visualization were performed using CellROX Deep Red Reagent (Invitrogen) and tetramethylrhodamine ethyl

ester (TMRE) compound (ThermoFisher Scientific), respectively. Cells were dissociated and plated at a density of 300,000 cells in a

glass-bottom dish. Three days after replating, cells were washed with PBS, treated with 200 nM TMRE and 5 mM CellROX in RPMI

B27+ for 30min at 37�C, washed twice with PBS, and returned to RPMI B27+ for imaging (CellROX has an absorption/emission max-

ima at �644/665 nm, and TMRE has 488 nm excitation 575 nm emission). Cells were imaged at 60x using a Nikon T2 confocal mi-

croscope. Representative images were processed using Fiji software and selected by the presence of TNNT2:GFP+ cells. ROS and

mitochondria content were quantified by measuring the cell area raw intensity of CellROX divided by TMRE and measuring the cell

area raw intensity of TMRE divided by cell area, respectively.

Seahorse analysis

Dissociated cells were plated at 150,000 cells per well in a 96-well microplate (Agilent). Three days post-plating, an XF Cell Mito

Stress Test (Agilent; Oligomycin 1.5 mM, 2,4-Dinitrophenol (DNP) 100 mM, Antimycin A and Rotenone 0.5 mM) was performed using
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an XFe96 Analyzer. Cell numbers were normalized through cell counting, and resulting data were analyzed using Seahorse Wave

Software. Data were represented by subtracting the average of Antimycin A and Rotenone values.

Apoptosis assay and quantification

CM-specific apoptosis quantification was performed using nuclear EthD-1 (ThermoFisher) for dead cells, cytoplasmic TNNT2:GFP

for CMs, and nuclear Hoescht for cells. Cells were dissociated and plated at a density of 300,000 cells in a glass-bottom dish.

Three days after replating, cells were washed with PBS and treated with 4 mM EthD-1 and 20 mM Hoescht for 30 min at room

temperature. Cells were imaged at 405 nm for Hoescht, 488 nm for TNNT2:GFP, and 567 nm for EthD-1 emission at 60x using

a Nikon T2 confocal microscope. Images were processed using Fiji software where 100 CMs per sample were analyzed for

co-localization of Hoescht, EthD-1, and TNNT2:GFP (dead CMs) or co-localization of Hoescht and TNNT2:GFP without EthD-1

(live CMs). Percentage of CM-specific cell death was quantified by dividing the number of dead CMs by the sum of the number

of live and dead CMs.

Data analysis
Data processing for scRNA-seq

For the in vitro scRNA-seq, following demultiplexing and alignment to Hg38 using CellRanger (v3.0.1 pipeline, 10X Genomics),

individual count matrices from both differentiation systems and all timepoints were merged and processed using Seurat (v4.0.1 R

package).179 Initially, quality control filters were used to exclude low quality cells that express more than 7,500 genes (doublets)

or less than 1,000 genes and more than 25% mitochondria. Batch correction was performed based on replicates. Principal compo-

nents were calculated and the top 30 PCswere used for clustering into groups based on the default 0.8 resolution, and UMAP dimen-

sionality reduction was used to visually display the cells. Cellular annotations were assigned to each cluster by using knownmarkers.

Differential gene analysis was performed using a log2 (fold change) value greater than 0.5 and an adjusted p-value less than 0.05.

In vivo scRNA-seq data processing was performed in a similar fashion to the in vitro data. Briefly, after generating the gene-bar-

codematrix file fromCell Ranger, the individual count matrices were merged using Seurat. Initially, quality control filters were used to

exclude low quality cells that express less than 1,000 genes and more than 30%mitochondria. Potential doublets were removed us-

ing DoubletFinder,163 using an anticipated doublet rate of 5%. Gene expression was normalized and the top 3,000 variable genes

were detected. Principal components were calculated and the top 50 principal components were used for creating the nearest

neighbor graph. The generated nearest neighbor graph was then used for graph-based, semi-unsupervised clustering based on

the default 0.8 resolution, and UMAP was used to project the cells into two dimensions. Marker genes were identified using a Wil-

coxon rank-sum test for one-versus-all comparisons for each of the cell clusters. Cell identities were assigned to the clusters by

cross-referencing their marker genes with known cardiac cell type markers from both human and mouse studies, in addition to in

situ hybridization data from the literature.48–50,52 On occasion, a cell cluster would emerge that expressedmarker genes representing

multiple populations, as well as contained cells with low UMI and gene counts that escaped the first filtering step. These cells were

removed from downstream analyses.

Data processing for snATAC-seq

snATAC-seq data processing and analysis were performed as done previously95 with additional information described below. The

ArchR package was used for processing, analysis, and visualization of the data. The data were filtered for cells R 1,000 fragments

and a TSS enrichment of 4.

Two biological replicates for the in vitro data from day 0 to day 25 from 2D- and 3D-hPSC systems were merged and batch-

corrected using Harmony after an iterative latent semantic indexing (LSI) dimensionality reduction. After batch correction, 31

clusters were identified at a resolution of 1.8. The clusters were annotated using known gene markers, resulting in 10 cell pop-

ulations, and visualized using UMAP. MACS2164 (version 2.2.7.1) was used to call peaks for each cluster, which was run with

default parameters. A reproducible peak set and a peak count matrix per cell was computed after peak calling. The peak count

matrix and the Wilcoxon test was used to identify unique differential peaks across clusters (p-value <0.05 and log2 (fold

change) > 0). To identify differentially enriched motifs in cis-regulatory elements between the 2D- and 3D-hPSC differentiations

by day, motif enrichment was used to annotate the peak set using the Jaspar 2020 database.180 We identified differential

marker peaks and then ran motif enrichment on each set of peaks using all peaks as the background (p-value <0.05 and

log2 (fold change) > 0).

Two biological replicates for the in vivo 15 PCW data were processed similarly for IVS, LA, LV, RA, and RV samples with the same

quality-based filtering parameters as above. After batch correction, 23 clusters were identified with a clustering resolution of 0.8 and

annotated into 11 cell populations. Peak calling and motif enrichment were calculated the same way as above.

Mapping between RNA and ATAC datasets

The annotated scRNA-seq data were integrated and label transferred onto the snATAC-seq data via ArchR, which uses a modified

version of the transfer by anchors method from Seurat. The predicted gene expression from the scRNA-seq was also integrated as

the gene integration matrix. The annotated snATAC-seq data were integrated and label transferred onto the scRNA-seq data via

Seurat integration by anchors. The anchors were filtered for only the top scoring anchors between the datasets. The predicted

gene scores, motif z-scores, and peaks from the snATAC-seq were also transferred.
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Label transfer from developmental atlas datasets

We combined Tyser et al. 2021,98 which utilizes early human gastrulation samples, and Farah et al. 2024,99 which utilizes early human

heart samples, as reference datasets to label transfer onto our combined 2D/3D scRNA-seq dataset. The label transfer was done

using Seurat after finding transfer anchors between the two datasets and projecting the UMAP space. Low mapping scores below

the bottom quartile threshold were filtered out.

Gene ontology

To identify biological processes associated with gene datasets, the R package ‘g:Profiler’165 was used using either the single-query

or multi-query settings. -Log10(p-values) or adjusted p-values were shown for GO enrichment. Significance was either represented

through a dot plotmade using ggplot2 or as a numerical value. To identify GO terms associatedwith differential motifs and associated

transcription factors, STRING database175 biological process was used to identify the most enriched (highest strength) GO terms

with associated false discovery rates. False discovery rate was shown for GO enrichment as a numerical value.

Pseudotime trajectory analysis

Pseudotime and cell trajectory analyses were performed with the URD package (v.1.1.1). The scRNA-seq data from day 0 through 25

including both differentiation methods were processed in Seurat as described above. A 50,000 cell downsampling was used in

creating and calculating the URD trajectory with a k-nearest neighbors value of 1,000 and 50,000 random walk simulations. The

hPSC cell population was set as ‘root’ and the 5 cell populations present at day 25 (2D hPSC-CM, 3D hPSC-CM, MP, VE, and Endo-

derm) were set as ‘tip’ cells. The resulting pseudotime was utilized in the GRN of the CM lineage cell populations (mesendoderm,

LPM, cardiac mesoderm, CM) by determining the expression-weighted pseudotime of each respective TF.

Gene regulatory network analysis

The gene regulatory networkswere constructed using Pando68 (v1.0.0) on the snATAC-seq data with scRNA-seq integration. TheCM

lineage cell populations (mesendoderm, LPM, cardiac mesoderm, CM) for the combined 2D- and 3D-hPSC systems, 2D-hPSC sys-

tem, and the 3D-hPSC system were used to infer the in vitroGRNs. The in vivo 15 PCW fetal CMs were used to infer the in vivoGRN.

The standard Pando pipeline steps were performed: 1) initiate the GRN, 2) find TF binding sites, 3) infer the GRN, and 4) extract mod-

ules. GRNs were visualized with the gene correlation UMAP embedding or Cytoscape.166

The 2D vs. 3D hPSC-CM branch-specific GRN was constructed by filtering the CM lineage GRN by the differential TFs (by both

gene expression and motif utilization enrichment) between pre-split and post-split as well as 2D- and 3D-hPSC system branches

from the URD trajectory. The 2D-vs. 3D-hPSC system branch-specific TFs were determined by quantifying the number of differen-

tially expressed genes between 2D- and 3D-hPSC system branches for each TF.

Data processing for CRISPR/Cas9 TF KO screen

TheMaGeCK pipeline167 was used for the identification of essential genes using the ‘MLE’ tool and differential analysis of read abun-

dances between CMs and non-CMs, as compared to day 0. We defined TFs promoting CM differentiation as those with a positive

non-CM Z score and negative CM Z score, and conversely, we defined TFs blocking CM differentiation as those with a negative non-

CM Z score and positive CM Z score. TF GO analysis was performed using STRING database biological process as described above.

Bulk RNA-seq

RNA-seqwas performed as previously published.95 ForHSF1KOand control RNA-seq, total RNA from 3Dday 25 cells was extracted

using TRIzol (Invitrogen) and purified using the Direct-zol RNAMiniprep Kit (Zymo Research) from three independent replicates. Bulk

RNA-seq was performed by the Institute for Genomic Medicine at UC San Diego using the Illumina Total RNA Ribodepleted Prep.

Pair-end 100 base pair sequencing was performed using a NovaSeq S4 (Illumina). Quality of sequencing data was assessed using

FASTQC.168 Reads were aligned to Hg38 using STAR169 and counted using featureCounts.171 DESeq2170 was used to identify differ-

entially expressed genes from raw read counts comparing control and KO with biological replicates as a covariate. Top differentially

expressed genes were filtered with a log2(fold change) filter of 0.5 and adjusted p-value filter of 0.05 to construct a volcano plot,174

and were used for GO term analysis using g:Profiler as previously described. Normalization of sequencing data into log2(counts per

million) was completed with edgeR.173

CM maturation index

A developing human heart dataset containing samples from 9, 11, 13, and 15 PCW from Farah et al. 202499 was first partitioned for

CM (aCM, vCM, and ncCM) cell populations. Differentially expressed genes were identified between 9 and 15 PCW CM cell popu-

lations, and subsequently centroids were calculated based on these genes, as done previously.181 For each cell, including cells from

9 to 15 PCW CM cell populations from Farah et al. 2024,99 and 25-day 2D and 3D hPSC-CMs from our combined 2D/3D-hPSC sys-

tem dataset, gene expression was weighted based on the calculated centroids to determine the CM maturation on a per cell basis,

representing the position of a cell along the 9 to 15 PCW axis.

Association between HSF1 GRN and cardiac traits in the general human population

Gene-based tests onGWASsummary data from ten cardiac traitswere performed using fastBAT182 implemented in theComplex-Traits

Genetics Virtual Lab183 and filtered for significant genes (p < 0.05). A Fisher’s Exact Test was then used to determine enrichment for the

cardiac trait-associated genes within the HSF1 GRNs based on a null hypothesis of the number of cardiac trait-associated genes as

statedbelowoutof24,273genes in theGWASsummarydata.Therewere375associatedgeneswithCHDbasedonpreviouslypublished

datasets,67 and 1572 with ‘‘Ventricular Rate’’, 1729 with ‘‘QRS duration’’, 1983 with ‘‘Pulse wave peak to peak time’’, 1379 with
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‘‘P duration’’, 2422 with ‘‘ECG, heart rate’’, 14468 with ‘‘Basal metabolic rate’’, 894 with ‘‘Cardiomyopathy(hypertrophic, obstructive)

(HCM) (All Biobanks)’’, 2503 with ‘‘Diagnoses - main ICD10: I48 Atrial fibrillation and flutter’’, 1575 with ‘‘Death due to cardiac causes’’,

and 1722 with ‘‘Heart failure’’ based on GWAS data.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise noted, all data are represented as mean +/� standard error of mean (SEM) and obtained from independent tissue

samples or differentiations. Except for figures pertaining to single-cell or bulk RNA-seq studies where graphs made primarily using

ggplot2,172 all graphs and analyses were executed in Prism 9 with statistical significance as follows: p < 0.05. *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001. The t-Student test (unpaired, two-tailed) was utilized for two group comparisons. Sample sizes were not

predetermined, and the experiments were not blinded.
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