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MOTIVATION Impaired LV-cardiomyocyte function caused by myocardial infarction (MI), ventricular ar-
rhythmias, or drug-induced cardiotoxicity are among themost common and debilitating cardiovascular dis-
eases, often leading to organ dysfunction and failure.86,87 In vitro models of LV cardiomyocytes are, there-
fore, highly desirable for modeling LV cardiovascular diseases and for developing novel therapies to treat
them. Here, we developed a method to differentiate rapidly and efficiently near-homogeneous populations
of LV cardiomyocytes from human pluripotent stem cells (hPSCs). These cardiomyocytes are also more
mature than those generated with the standard WNT-ON/WNT-OFF protocol, thus making them an attrac-
tive model.
SUMMARY
Decreased left ventricle (LV) function caused by genetic mutations or injury often leads to debilitating and
fatal cardiovascular disease. LV cardiomyocytes are, therefore, a potentially valuable therapeutical target.
Human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) are neither homogeneous nor functionally
mature, which reduces their utility. Here, we exploit cardiac development knowledge to instruct differentia-
tion of hPSCs specifically toward LV cardiomyocytes. Correct mesoderm patterning and retinoic acid
pathway blocking are essential to generate near-homogenous LV-specific hPSC-CMs (hPSC-LV-CMs).
These cells transit via first heart field progenitors and display typical ventricular action potentials. Impor-
tantly, hPSC-LV-CMs exhibit increased metabolism, reduced proliferation, and improved cytoarchitecture
and functional maturity compared with age-matched cardiomyocytes generated using the standard WNT-
ON/WNT-OFF protocol. Similarly, engineered heart tissues made from hPSC-LV-CMs are better organized,
produce higher force, and beat more slowly but can be paced to physiological levels. Together, we show
that functionally matured hPSC-LV-CMs can be obtained rapidly without exposure to current maturation
regimes.
INTRODUCTION

Human pluripotent stem cells (HPSCs) hold the potential to pro-

duce an unlimited supply of human cardiomyocytes and offer the

scalability needed for pharmaceutical applications.1–3 However,

the most widely used hPSC-derived cardiomyocyte (hPSC-CM)

preparations typically contain a proportion of hPSC-CMs with

ventricular, atrial, or nodal phenotypes, and generally lack matu-
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This is an open access article und
rity.4–7 Even those preparations with an enriched ventricular

phenotype have not been identified as right, left, or a mix of

ventricle cardiomyocytes.8 These cardiomyocyte populations

typically resemble fetal-like cardiomyocytes and display low

sarcomere organization, low sarcoplasmic reticulum and mito-

chondria content, underdeveloped calcium handling capacity,

and poor mitochondrial oxidative capacity.9,10 The use of mixed

and immature populations poses challenges because cellular
orts Methods 3, 100456, April 24, 2023 Crown Copyright ª 2023 1
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Figure 1. Generation of hPSC-LV-CMs using a two-step approach

(A) Depiction of the standard WNT-ON/WNT-OFF protocol; modifications to this protocol (±) and critical feeding steps are indicated. CHIR, CHIR99021; BMP,

BMP4; A, activin A; FGF, FGF2; LAA, L-ascorbic acid; IWR1, WNT pathway inhibitor; AGN, AGN193109, a pan-retinoic acid (RA) inhibitor; VitA, vitamin A.

(legend continued on next page)
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heterogeneity/immaturity can confound study outcomes or

render cells suboptimal for downstream cell therapy ap-

proaches. The ability to produce mature left ventricle (LV)-

specific hPSC-CMs (hPSC-LV-CMs) would circumvent many

barriers, allowing a more reliable and extensive use of this tech-

nology to model and treat LV disorders.

The heart is a mesodermal derivative that develops from cells

that migrate out of the primitive streak during gastrulation to give

rise to the cardiac crescent.11 Cardiac lineage specification

occurs during the initial stages of gastrulation as shown by

several lineage-tracing studies and validated in vitro using

hPSCs.8,12–15 A seminal hPSC study revealed the importance

of manipulating the first stage of the differentiation process to

produce specifically atrial or ventricular cardiomyocytes and

further demonstrated the need to include retinoic acid (RA) in

the medium to promote more efficient atrial differentiation.8

This was in keeping with the known role of RA as a key regulator

of cardiovascular cell fate; high RA has been linked to enlarged

atria and smaller ventricles, while RA inhibition has been shown

to promote the opposite effect.16–19

Atrial and ventricular cardiomyocytes are significantly

different cell types, while right ventricle and LV cardiomyocytes

are more similar. Despite these similarities, LV and right

ventricle cardiomyocytes arise from different progenitors and

display structural, electrophysiological, metabolic, and calcium

handling differences.11,20,21 Of note, the LV develops first and

faster from progenitors coming from the mid streak, which coa-

lesce in the first heart field, a cardiac region known to express

TBX5, HCN4, and NKX2.5. On the other hand, the right ventricle

develops later from progenitors coming from the late streak,

which end up in the secondary heart field, a cardiac region

known to express ISL1.11,15,22 Single-cell RNA sequencing

has further suggested that there are transcriptome dissimilar-

ities between LV and right ventricle cardiomyocytes earlier in

development.21,23 By performing RNA sequencing on microdis-

sected right ventricle and LV as well as atrial progenitors

collected from the emerging mouse heart at embryonic day

(E) 8–8.5, our lab has further shown that these chambers have

unique gene signatures at the onset of heart development (un-

published data).

In this study, we revisited the idea that cardiomyocyte identity

is dictated by the mesoderm differentiation regime, with the aim

of optimizing a LV-specific differentiation protocol from hPSCs.

We further tested the hypothesis that blocking the RA pathway

would increase the percentage of ventricular cells. Overall, in

just 20 days, we were able to generate near-homogeneous pop-

ulations of LV-like cardiomyocytes. To our surprise, these were

more mature than cardiomyocytes generated according to the
(B) Immunostaining micrographs of day 20 hPSC-CMs generated from mesoder

demonstrating the cardiac corridor for making LV-like cardiomyocytes (red box)

(C) Flow cytometry plot of day 20 hPSC-LV-CM cultures.

(D and E) Day 20 hPSC-CMs generated in the presence or absence of RA signal

(D) Immunostaining micrographs; scale bar: 100 mm.

(E) qRT-PCR analysis.

(F and G) Cardiomyocyte quantification in day 20 hPSC-CM cultures differentiate

MYL2, and HAND1. DAPI was used to normalize the data.

See also Figure S2.
standard protocol,4,5 even without exposure to maturation fac-

tors. The speed at which our LV cardiomyocytes differentiate

mimics the faster rate of maturity observed in vivo for LV

cardiomyocytes.

RESULTS

Two-step approach to specify LV cardiomyocyte
progenitors
Canonical WNT activation is the key first step of protocols to

generate cardiomyocytes, by promoting the formation of meso-

derm progenitors.4,5 The modulation of activin/BMP signaling is

critical in directing the fate of these progenitors toward atrial or

ventricular descendants.8 However, the interplay between

WNT and the BMP pathway has not been evaluated, despite

the fact that supplementation with BMP is known to activate

the WNT pathway24 and that these pathways interact during

in vivo mesoderm development.25–27 We hypothesized that if

we kept activin A levels at a low and constant level (5 ng/mL)

while varying the amount of BMP and WNT signaling, we would

identify the signaling microenvironments able to mimic the mid-

to-late streakwhere Foxa2 expression starts. As this is the region

from which ventricular progenitors emerge,14,15 we predicted

that our strategy would allow us to fine-tune the emergence of

LV and right ventricle cardiomyocyte progenitors (Figure 1A).

To modulate theWNT pathway, we used CHIR (CHIR99021), a

GSK3b inhibitor that promotes b-catenin stabilization and thus

increases canonical WNT signaling. Post-mesoderm induction,

the cells were subject toWNT inhibition (IWR1) as per the original

protocol.4,5 We first confirmed that our hPSCs were pluripotent

and karyotypically normal (Figure S1). Cells were grown for

20 days and immunostained for the pan-cardiac marker troponin

T (TNNT2), the pan-ventricular marker myosin light chain 2

ventricle isoform (MLC2V or MYL2), and the LV marker heart

and neural crest derivatives expressed 1 (HAND1) (Fig-

ure 1B).28–30 Results showed that BMP4 addition promoted the

upregulation of MYL2, especially at higher doses. However,

CHIR levels restrained the expression of HAND1, with lower

doses enabling its expression, while at higher doses, HAND1

expression was lower or absent. To confirm the purity of the cells

obtained in the optimal LV conditions, we performed flow cytom-

etry. This showed that around 90% of the cells generated were

LV-like cardiomyocytes as per MYL2 and HAND1 co-expression

(Figure 1C). This suggested that LV-like cardiomyocytes can be

efficiently generated using low activin A, 5 ng/mL BMP4, and low

CHIR (2–3 mM). Similar results were obtained for other lines,

although the optimal concentrations of BMP4 and CHIR varied

(Figures S2A and S2B).
m cells exposed to activin A, FGF2, and varying amounts of BMP4 and CHIR,

. Scale bar: 100 mm.

ing (±AGN, ±vitamin A, ±RA).

d using the standard (Std) or LV protocols. Cells were co-stained with ACTN2,
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Given that the medium supplement used for the first stages of

the differentiation (B27-insulin; Figure 1A) contains vitamin A,

which can be converted into RA, a known atrial specifier, we

next wanted to address the role of RA in cardiomyocyte fate

specification. Since LV cardiomyocytes in vivo express low

levels of RA target genes (Figure S2C), we hypothesized that

RA inhibition using a pan-RA receptor inhibitor (AGN193109

[AGN]) would promote a stable differentiation and increased

yield of LV cardiomyocytes. To identify atrial cells, we stained

them for NR2F2 (also known as COUP-TFII), a marker essential

for atrial development.31 Interestingly, RA addition was unable

to convert the entire population to an atrial fate and instead

lead to a great proportion of the cells becoming right ventricle-

like with 51% of the cells expressing MYL2 but not HAND1

(Figures 1D and S2D). On the other hand, addition of a pan-RA

inhibitor or removing vitamin A from the second part of the pro-

tocol did not lead to significant changes in the proportion of LV

cardiomyocytes (Figures 1D and S2D). However, we detected

consistently small numbers of atrial descendants in cultures

where RA was not inhibited even if no vitamin A was present in

the medium during the second phase of the protocol (Figure 1D).

Expression analysis further confirmed the +AGN/�vitamin A

(VitA) condition had a significant increase in MYL2 expression

and a decrease in both NR2F2 and HOXB4 (an atrial marker usu-

ally downstream of RA signaling) compared with RA-treated

samples (Figure 1E). These data suggest that this mesoderm

regime generates cells primed to become LV cardiomyocytes

but which are not fully committed, as they can still form atrial

and right ventricular cells if exposed to RA or when cultured

in VitA.

To further understand the cells’ RA response, we performed

an ALDH assay. Neither condition (±AGN/±VitA) had elevated

levels of ALDH activity within cardiac mesoderm populations,

further demonstrating that the mesoderm induction gave rise

to cells with little capacity to convert retinol into RA (Figure S2E).

This result is in keeping with the poor atrial differentiation seen in

RA-treated cultures (Figure 1D) and suggests that blocking

the RA pathway with AGN prevents ALDH+ escapees from

becoming atrial cardiomyocytes.

To evaluate LV properties in our cardiomyocytes and in

those generated using the most widely used (‘‘standard’’)

differentiation protocol,4,5 we performed side-by-side immu-

nostaining. Our protocol readily generated LV-like cardiomyo-

cytes, while the standard protocol led to the generation of a

more heterogeneous population (Figure S2F). Quantification

confirmed that while there was no difference in the percentage

of cardiomyocytes produced by both protocols, the percent-

age of LV-like cells was significantly different (Figures 1F

and 1G).
Figure 2. hPSC-LV-CMs arise from first heart field progenitors

(A) Principal-component analysis (PCA) of hPSC-LV-CM differentiation time cou

(B) Heatmap of the top 6 genes enriched in each cluster (C).

(C) GO-term analysis showing the top 4 terms in each cluster.

(D) qRT-PCR analysis for the indicated days (D). **p % 0.01 ***p % 0.001, ****p %

(E) Expression levels as variance-stabilizing counts (VSTs).

(F) Immunostaining micrographs of day 4 and 8 cultures generated using the hP

See also Figure S3 and Table S1.
Next, we performed RNA sequencing of our LV cardiomyo-

cytes from 2 different cell lines and compared the expression

of genes previously shown to be enriched in human fetal LV car-

diomyocytes23 across our samples and cardiomyocytes gener-

ated using other protocols6,32–34 (Figures S2G and S2H). While

these genes are expressed across all cardiomyocytes tested,

our LV cardiomyocytes express higher levels of most of the

LV-associated genes as demonstrated by the heatmap and

confirmed via the boxplot showing the mean variance-stabilized

abundancies for the LV genes. Cardiomyocytes within the Gia-

comelli dataset were the closest to our LV cardiomyocytes.

However, they expressed, on average, lower or the same

mean levels of the overall LV-associated genes. On the other

hand, cardiomyocytes generated using the Kuppusamy or stan-

dard protocol (Branco and Cyganek.V datasets) expressed

lower mean levels of these markers. Of note, the lowest mean

expression of LV-specific genes was observed in RA-treated

cells (atrial dataset, Cyganek.A), as would be expected for an

atrial population. These results corroborate the transcriptional

signature of our LV cardiomyocytes.

To evaluate how our LV cardiomyocytes compared with hu-

man in vivo cardiomyocytes, we grew cultures up to day 60

and compared them with human adult heart tissue samples or

isolated cardiomyocyte samples (Figure S2I). Principal-compo-

nent analysis confirmed that the in vivo and in vitro samples

are distinct (principal component 1 [PC1], 53% variation), but it

also demonstrated that the LV cardiomyocytes align better

with the ventricular tissues (PC2/PC3), in keeping with the ven-

tricular identity of the samples as defined by staining

(Figures 1B–1D). As expected, we were not able to distinguish

between adult LV and right ventricle samples,23,35 and our sam-

ples aligned with both adult ventricular samples.

Together, these findings suggest homogeneous LV-like cardi-

omyocyte differentiation from hPSCs relies on signaling environ-

ment manipulation at the mesoderm stage and that blocking RA

acts as a fail stop to prevent atrial differentiation in the cultures.

We thus refer to these cells hereon as hPSC-LV-CMs.

hPSC-LV-CMs arise from first heart field progenitors
To ascertain if the hPSC-LV-CMs followed the expected lineage-

specification trajectory, we next performed a time course RNA

sequencing (RNA-seq) analysis covering samples from days

0 to 60 of differentiation. PC analysis (PCA) demonstrated that

most of the sample variation (PC1, 49.15%/PC2, 11.93%) ex-

plains the lineage trajectory (Figure 2A). Poisson dissimilarity

scores demonstrated that there is a high transcriptional similarity

between all samples past day 10/15 of differentiation (Figure S3A).

Heatmap of pairwise comparisons (Wald test) between consecu-

tive time points further confirmed this finding (Figure S3B).
rse; days are indicated (d).

0.0001.

SC-LV-CM protocol. Scale bar: 100 mm.
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Next, a likelihood ratio test (LRT) was used to find genes that

change in expression across replicate groups, i.e., time points.

Divisive hierarchical clustering was then applied to the top

2,000 most significant genes to identify clusters of genes

showing similar expression profiles across time, and each clus-

ter was subject to Gene Ontology (GO) analysis (Figures 2B, 2C,

and S3C; Table S1). The gene clusters showed a distinct tran-

scriptional behavior over time that followed either a descending

trajectory from day 2 (clusters 1 and 2) or an ascending trajectory

from days 2–10 (clusters 3, 4, 5, 6, and 7) or from day 20 (cluster

8) (Figures S3C and 2B). For example, pluripotency genes (e.g.,

SOX2, NANOG, POU5F1) could be found in clusters 1 and 2, in

keeping with the fact that differentiating cells are moving away

from pluripotency. Cluster 2 was also enriched for blastocyst dif-

ferentiation genes (e.g., TBXT,CER1), which are enriched during

mesoderm differentiation at day 2 but are downregulated later.

Genes involved in cardiac muscle development (e.g., MEIS1,

GATA5, GATA4, SMARCD3, HEY2, NKX2.5, TBX5, and IRX4)

were found in clusters 4, 5, and/or 6, which consisted of genes

that plateaued by day 10. Of note was the presence of the ven-

tricular-associated transcription factors HEY236 and IRX4,37 the

LV-specific progenitor marker TBX5,38 and MEIS1, a critical

regulator of cardiomyocyte cell cycle.39 Moreover, genes

involved in heart/cardiac muscle contraction were enriched in

clusters 3–8 and included the pan-cardiac markers TNNT2,

TNNI3, TCAP, and MYH6 and the ventricular markers MYH7

and MYL2, all of which are components of the sarcomeres.40,41

Also associated with these clusters was TIMP2, a metalloprotei-

nase inhibitor gene highly expressed in myocardium and whose

mutant phenotype includes severe LV dysfunction.42 We also

noted that cluster 8, the only cluster consisting of genes still

increasing past day 20, was enriched for glucose and carbohy-

drate homeostasis genes such as FOXO1, which is crucial for

sustaining cardiomyocyte metabolism and cell survival,43 and

WFS1, which is involved in muscle mitochondrial and calcium

metabolism.44,45 We confirmed some of these gene trends using

real time RT-PCR analysis (Figures 3D and S3D).

A previous study had suggested that ventricular cardiomyo-

cytes arise from cells that express CYP26A1 and CD35a

(GYPA) but lack ALDH1A2.8 Our data confirmed the presence

of CYP26A1 at day 2 as well as the low expression of ALDH1A2

throughout, in keeping with the ALDH flow cytometry results

(Figures 2E and S2E). However, we were only able to detect

very low levels ofGYPA in some (but not all) replicates (Figure 2E),
Figure 3. hPSC-LV-CMs mature fast in vitro

Cytoarchitecture characterization of day 20 hPSC-CMs differentiated using the S

(A–C) Immunostaining micrographs. Scale bars: 50 mm (A), 21 mm (B), and 100 m

(D–F) Fluorescence intensity quantification.

(G) Micrographs showing hPSC-CMs where mitochondria were stained with Mito

(H) Sarcomere length quantification.

(I) Transmission electron micrographs. (i) Examples of mitochondria (M) next to

structures are indicated: Z-disk, I-band, and M-line. Scale bar: 1 mm.

(J) Transmission electronmicrographs of day (D) 40 hPSC-LV-CMs showing T-tub

(top) or 500 nm (bottom).

(K) Analysis of mitochondria based on TEM images.

(L) Immunostaining micrographs. Top panel (i) is hPSC-LV-CMs, and bottom pan

(M) Expression levels (VSTs) and TNNI1/TNNI3 ratio within different RNA-seq da

See also Figure S4.
suggesting that GYPA is either very transient or it may not be a

marker of LV progenitors.

We next used immunostaining to further validate the gene

trends at the protein level (Figures 2F and S3E). At themesoderm

stage (day 2), most of the cells expressed TBXT, EOMES, and

MSX1, and a high percentage also expressed GATA4. However,

only a small percentage of the cells expressed FOXA2 (a trend

seen also at day 1; data not shown), suggesting that not all the

ventricular cells arise from FOXA2+ progenitors, which would

be in keeping with the reported low contribution of Foxa2+ prim-

itive streak cells to the LV (about 9.5% of LV area15). At day 4,

most cells expressed GATA4 and ISL1 but had lost MSX1

expression as expected.46 A proportion had also started to ex-

press HAND1 andNKX2.5, and, notably, a few cells were already

expressing TNNT2. By day 8, cells had lost ISL1 expression,

were expressing higher NKX2.5 and TNNI3, and were co-ex-

pressing HAND1, TBX5, and TNNT2. This is also the time frame

when HCN4, another first heart field marker,22 started to be ex-

pressed (Figure S3D). TBX5, HAND1, and HCN4 expression at

this stage is consistent with first heart field-like specification,

the region of the heart from where LV cardiomyocytes arise

in vivo.22,38,47

To explore further if hPSC-LV-CMs transit via a first heart field-

like stage, we compared our day 6/10 cardiomyocytes with iso-

lated fractions of day 7/8 cardiomyocytes.48 These fractions

consisted of either NKX2.5+ (G+R�), TBX5+ (G�R+), NKX5+/

TBX5+ (G+R+), or NKX2.5�/TBX5� (G�R�) cells. PCA showed

that our cells grouped closest to the samples expressing

NKX2.5 alone or both TBX5 and NKX2.5, which were previously

identified as secondary and primary heart field progenitors,

respectively, and were only distinguished by TBX5 expression

(Figure S3F). Since our cells co-express TBX5 and NKX2.5 (Fig-

ure 2F), we concluded that our day 6–10 cardiomyocytes are a

first heart field progenitor population.

Together, these data indicate our protocol directs cells via a

mesoderm population, which progress to become first heart field

progenitors, thus following the expected developmental trajec-

tory of LV cardiomyocytes.

hPSC-LV-CMs mature fast in vitro

Given that at day 8, our LV cardiomyocytes already expressed

TNNI3 (Figure 2F), a marker of mature cardiomyocytes,40 we

next wanted to assess whether this protocol was promoting a

faster differentiation/maturation in vitro. To this end, we
td or LV differentiation protocols.

m (C).

Tracker. Scale bar: 50 mm.

sarcomeres (blue arrow) or nucleus (red arrow) are indicated. (ii) Sarcomere

ules and sarcoplasmic reticulum networks (blue arrow heads). Scale bars: 1 mm

el (ii) is rat neonatal CMs. Scale bar: 10 mm.

tasets.
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Figure 4. hPSC-LV-CMs are more mature than time-matched cardiomyocytes generated using alternative protocols

(A) PCA of human adult ventricular tissues, human adult isolated ventricular cardiomyocytes, human fetal ventricular tissues, and hPSC-CMs of various origins.

Ex vivo samples were from the right (R), left (L), or both ventricles (V).

(B) Heatmap showing expression levels of a selection of genes involved in the pathways indicated.

(C) Immunostaining micrographs of day 20 hPSC-CMs (standard [Std] and LV). Scale bar: 100 mm.

(legend continued on next page)
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compared hPSC-LV-CMs with cardiomyocytes generated

following the standard differentiation protocol (hPSC-Std-

CMs).4,5 At day 20, hPSC-LV-CMs consisted of a near-homoge-

neous population of LV-like cardiomyocytes as opposed to the

heterogeneous cultures obtained with the Std-cardiomyocyte

protocol (Figures S2F and 3A). We also noted that hPSC-LV-

CMs appeared to display well-defined sarcomeres (Video S1).

Thus, we next decided to investigate the cytoarchitecture of

our cells. LV cardiomyocytes were more elongated, expressed

higher levels of MYL2, ACTN2 (cardiac muscle a actinin),

and TNNI3 (cardiac troponin I isoform 3), and had more mito-

chondria distributed along the myofibers than hPSC-Std-CMs

(Figures 3B–3G). Moreover, hPSC-LV-CMs had longer sarco-

meres (Figure 3H), in line with the length of more mature cardio-

myocytes.49,50 Electron microscopy further confirmed that

hPSC-LV-CMs have better-organized sarcomeres with detect-

able Z-disks and I and A bands and some with detectable M

bands. The presence of desmosomes or adherens junctions

was also noted (Figures 3I and S4A). Better sarcomere definition

was seen in day 40 cultures (Figure S4B), which was not surpris-

ing given that time in culture is known to promote cardiomyocyte

maturation.32,50 Likewise, we were able to detect evidence of

transverse tubule-like structures (T-tubules) in day 40 hPSC-

LV-CMs (Figure 3J, top). A tubular network of sarcoplasmic retic-

ulum surrounding myofibrils was also noted in transverse sec-

tions, which is probably supporting the developing T-tubules

(Figure 3J, bottom). Moreover, we confirmed that hPSC-LV-

CMs have mitochondria often localizing between myofibers,

which differed from the more perinuclear mitochondrial distribu-

tion seen in hPSC-Std-CMs (Figures 3G and 3I) and resembled

the mitochondrial distribution of neonatal cardiomyocytes.51

We further noted hPSC-LV-CMs have more elongated mito-

chondria than hPSC-Std-CMs as demonstrated by increased

perimeter and perimeter/area and smaller circularity. The overall

mitochondrial area was, however, unchanged, suggesting that

the mitochondrial mass was the same in both cardiomyocyte

cultures (Figures 3G and 3K). No obvious differences in mito-

chondrial development were seen between days 20 and 60 of

differentiation (Figure S4C), in keeping with the similar mitochon-

drial DNA content observed (Figure S4D).

We next confirmed that some LV cardiomyocytes expressed

the mature Z-disk marker TCAP (telethonin) and the mature

M-band marker MYOM2 (myomesin 2, or M-protein), which are

seen in a proportion of cells equivalent to that of rat neonatal car-

diomyocytes (Figure 3L). We also confirmed the presence of gap

junctions by staining cells for the mature gap junction marker

GJA1 (Figure 3L). This was reassuring since these proteins are

known not just for their mechanical function but also for their

role in cardiomyocyte signaling.52,53 Time in culture increased

the sarcomere length, but it did not seem to increase the propor-

tion of cells expressing these markers (Figure S4E; data not

shown). Moreover, the cells started showing signs of stress
(D) Graph showing the quantification of Ki67+ cardiomyocytes in day 20 hPSC-C

(E) (i)Western blot analysis of oxphos proteins in day 20 hPSC-CMs. (ii)Quantific

(F) Oxygen consumption rate (OCR) graph for day 20 hPSC-CMs (Std and LV).

(G–J) Graphs showing the respiration analysis (G), ATP production (H), proton le

See also Figure S5.
from day 40, as reflected by the expression of the stress fiber

marker ACTA2 (smooth muscle actin) (Figure S4F).

Expression analysis of the various RNA-seq datasets previ-

ously used for meta-analysis showed that the hPSC-LV-CMs ex-

pressed significantly higher levels of TNNI3 than other day 20

cultures grown in activin and BMP4 but lower than the standard

day 90 dataset (Cyganek) or the fetal and adult cardiomyocytes.

The levels of TNNI1 across cardiomyocyte cultures were, how-

ever, similar to those of fetal cardiomyocytes except for the Cyg-

anek dataset, which expressed higher levels, or the Branco data-

set, which expressed lower levels of this gene. It was therefore

not surprising that the ratio of TNNI1 and TNNI3, as a measure

of maturity, was lowest in adult cardiomyocytes but equivalent

across the hPSC-LV-CM and the day 90 Cyganek datasets (Fig-

ure 3M), further validating the higher maturity of hPSC-LV-CMs

compared with other day 20 cultures. Of note, the Branco data-

set (generated from hPSC-Std-CMs), expressing the lowest level

of TNNI1, displayed a low TNNI1/3 ratio, which highlights a lim-

itation of this approach.

Overall, these findings suggest that hPSC-LV-CMs mature

faster in vitro than hPSC-Std-CMs, in keeping with the faster

rate of maturity seen in vivo for LV-cardiomyocytes.

hPSC-LV-CMs are more mature than time-matched
cardiomyocytes generated using alternative protocols
To take a broader look at cellular maturity, we next compared

the transcriptomic profile of the hPSC-LV-CMs, cardiomyo-

cytes generated using other protocols,6,32–34 and fetal and

adult human cardiomyocytes (Figures 4A and S5A). PCA

demonstrated that most of the sample variation (PC1,

38.02%) explains the difference between adult and hPSC-

derived or fetal cardiomyocytes. Within PC1, fetal samples

grouped closest with the hPSC-CMs kept in culture the longest

(Cyganek dataset) and furthest from day 20 hPSC-CMs gener-

ated in the absence of exogenous activin and BMP4 supple-

mentation (Branco dataset). This is in line with reports suggest-

ing that time in culture promotes cardiomyocyte maturation32

and further shows that activin and BMP supplementation dur-

ing the mesoderm specification stage promotes higher cellular

maturity.

Interestingly, PC2 and PC3 analysis placed the Giacomelli da-

taset closest to the fetal ventricle samples and our hPSC-LV-

CMs closer to adult ventricle samples, while datasets generated

in the absence of activin and BMP group the furthest from in vivo

ventricular tissues/cardiomyocytes. This may reflect the cellular

identity of the cells given that cardiomyocytes generated in the

presence of activin and BMP express higher levels of ventricular

markers (Figure S2H) and are therefore more likely to group

closer to ventricular tissues. On the other hand, cardiomyocytes

generated with the standardWNT-ON/WNT-OFF protocol group

furthest away from ventricular samples likely because of their

heterogeneous cell nature.4
Ms.

ation of oxphos protein expression in hPSC-CM cultures.

ak (I), and coupling efficiency (J) of hPSC-CMs (Std and LV) based on OCR.
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Figure 5. hPSC-LV-CMs display ventricular action potentials with hallmarks of electrophysiology maturity

Electrophysiology characterization of day 20 hPSC-CMs differentiated using the standard (Std) or LV differentiation protocols (A–H) using optical mapping (A–E)

or microelectrode arrays (MEA) (F–H).

(A) Transient rate.

(B) Representative action potential (AP) shapes; V, ventricular; A, atrial; N, nodal.

(C) AP shape morphology assessment.

(D) Triangulation results.

(E) AP duration (APD) at different repolarization times (50%, 75%, or 90% to baseline).

(F) Conduction velocity.

(G) AP rise time.

(legend continued on next page)
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Since a striking difference between the cytoarchitecture matu-

rity of hPSC-LV-CMs and hPSC-Std-CMs was noted (Figure 3),

we next focused our meta-analysis on various cardiac matura-

tion markers as previously selected by Kuppusamy et al.32 (Fig-

ure 4B). This analysis verified that all hPSC-CM samples

analyzed group furthest from human adult cardiomyocytes and

closer to the human fetal cardiomyocytes. Moreover, it showed

that the older hPSC-CMs (Cyganek dataset) grouped the closest

to fetal cardiomyocytes and that our day 20 hPSC-LV-CMs

grouped closer to day 90 and fetal cardiomyocytes than any of

the other day 20 cardiomyocyte populations analyzed, confirm-

ing the faster pace of maturity of hPSC-LV-CMs. Interestingly,

there was a high similarity between the day 90 Cyganek samples

and the day 40 hPSC-LV-CM samples, further reinforcing that

our protocol leads to the generation of cells that mature faster

in vitro.

One of thematurity classes of genes analyzed includeda variety

of cell cycle genes. In keeping with what is expected for more

mature cardiomyocytes,54 adult ventricular cardiomyocytes ex-

pressed low levels of these genes, while the younger hPSC-CMs

expressed the highest levels (Figure 4B). Immunostaining for

MKI67 (Ki-67), a marker of cells in active cell cycle, in day 20 cul-

turesconfirmed thatcardiomyocyteswithinhPSC-LV-CMcultures

express less Ki-67 than hPSC-Std-CMs (Figures 4C and 4D).

With regards to b-adrenergic signaling, cAMP signaling, and

hypertrophy, there were two classes of genes: those expressed

highest and those expressed lowest in adult samples. Fetal car-

diomyocytes and older hPSC-CMs (including ours) expressed

generally moderate levels of both (Figure 4B). We confirmed

that time in culture increased (CAMK2B, PDEC1, CAV3,

KCNJ2) or decreased (PDE3B, NFATC2, HCN4) the expression

of some of these markers, bringing them to levels closer to those

of adult cardiomyocytes (Figure S5B).

Lastly, we explored the expression of additional metabolism

markers (Figure S5C). Except for the day 20 samples grown in

the absence of activin and BMP4 (Branco dataset), we observed

very few differences in the hPSC-CM data, which aligned well

with the fetal samples. We noted specifically that in hPSC-LV-

CMs, some fatty acid oxidation or synthesis genes (e.g.,

FABP3, CPT1A, ACAT1, ACACB) were increasing over time in

culture, while some glycolysis genes (e.g., PDK1, PGAM1,

SLC2A3) were decreasing (Figure S5C). It was, however, unsur-

prising that the hPSC-LV-CMs were not more metabolically
(H) Excitation-contraction delay.

(I–P) Current-clamping analysis of day (D) 20 or 40 hPSC-LV-CMs.

(I) Representative AP traces.

(J) AP shape morphology assessment.

(K) Example of an AP with a notch.

(L) Peak AP amplitude.

(M) Resting membrane potential.

(N) dV/dt max.

(O) ADP at 10% repolarization.

(P) ADP at 90% repolarization.

(Q) Spike sorting analysis of field potentials from day 40 hPSC-LV-CMs. Top pane

and PC2 from the spike sorting analysis.

(R) Western blot analysis showing IK1 expression in hPSC-CMs.

(S) Quantification of IK1 expression.

See also Figure S6.
active given that the medium in which they were cultured on

was not enriched in fatty acids.

Importantly, we confirmed that while there was no overall dif-

ference in mitochondrial mass (Figure 4E), hPSC-LV-CMs had a

better respiration capacity than hPSC-Std-CMs as demon-

strated by their higher basal and maximal respiration rates and

their higher ATP production (Figures 4F–4H and S5E). This may

be explained by the differences in mitochondrial shape

(Figure 4I).

To understand if the respiration capacity differences could be

explained by the smaller amount of LV cardiomyocytes within

Std cultures, we sorted MYL2-GFP+ cells from both cultures

for analysis. In keeping with the population results, ventricular

cardiomyocytes generated using the LV protocol respired better

(Figures S5D–S5H), suggesting that either ventricular cardio-

myocytes matured faster or emerged earlier and had more

time to mature in the LV protocol than in Std cultures.

Together, these data showed that day 20 hPSC-LV-CMs have

maturity hallmarks close to those of aged hPSC-Std-CMs (day

90 Cyganek dataset), proliferate less, and have a better respira-

tion capacity than age-matched hPSC-Std-CMs but, overall, still

resemble fetal cardiomyocytes.

HPSC-LV-CMs display ventricular action potentials with
hallmarks of electrophysiology maturity
To assess whether the hPSC-LV-CMs were also functionally

more mature than hPSC-Std-CMs, we investigated their electro-

physiological properties. By manually counting beats or using

optical mapping, we noted that hPSC-LV-CMs had slower spon-

taneous beating than hPSC-Std-CMs (Figures 5A and S5A).

Action potential (AP) analysis revealed striking differences in

morphology and duration (AP duration [APD]) at various repolar-

ization times, e.g., hPSC-LV-CMs had less triangulation and

slower times to 90% repolarization (APD90) (Figures 5B–5E). In

keeping with the ventricular nature of the hPSC-LV-CMs, 97%

of these displayed ventricular AP morphologies, with fast up-

strokes and plateau periods (Figures 5B and 5C). Conversely, in

hPSC-Std-CM cultures, a mix of ventricular, atrial, and nodal

APs were detected as expected (Figures 5B and 5C).4 Moreover,

hPSC-LV-CMs exhibited a faster rise time than hPSC-Std-CMs

but similar conduction velocity, suggesting that they have some

increased mature electrophysiological properties (Figures 5F

and 5G). They also displayed a shorter excitation-contraction
l shows the field potentials as determined usingMEA. Bottom panel shows PC1
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delay, demonstrating that hPSC-LV-CMs exhibit faster excita-

tion-contraction (E-C) coupling (Figure 5H).

To further study the hPSC-LV-CMs, we performed microelec-

trode recordings, which confirmed that even at day 20, the APs

of these cells have many of the hallmarks of ventricular cardio-

myocytes (Figure 5I). In line with the optical mapping, only a

few possible atrial-like APs (<5%) were detected in the cultures,

and even these could correspond to more immature ventricular

APs (Figures 5J and S6B). Interestingly, we identified multiple

cells that displayed a notch, albeit small, confirming that some

of these cells display evidence of transient outward current

development even at day 20 (Figure 5K). We also noted that

the AP amplitude of the cells corresponded to that of adult car-

diomyocytes (�80–120 mV), with most cells displaying an ampli-

tude above 80 mV upon stimulation (Figure 5L). The resting

membrane potential of the cells was, on average, low (�60 to

70 mV), with some cells displaying a membrane potential

comparable to that of adult ventricular cardiomyocytes, i.e.,

��75 to 90 mV (Figure 5M). However, the maximum depolariza-

tion velocity of the cells (dV/dt) was more like that of fetal

cardiomyocytes (Figure 5N), which usually have a dV/dtmax

<20 mV/ms.55,56 Of note, in terms of electrophysiology maturity,

the day 40 cardiomyocytes only outperformed the day 20 cardi-

omyocytes by the APD and AP area, which were longer/bigger in

the older cells (Figures 5L–5P and S6B).

Given this evidence, we next used spike sorting of field poten-

tials to evaluate the electrophysiology homogeneity of hPSC-LV-

CMs and noted that PCA only distinguish one population of cells,

confirming that these cultures were homogeneous (Figure 5Q).

Next, we wanted to evaluate if higher KCNJ2 expression contrib-

uted to the higher maturity seen in hPSCs-LV-CMs since this

gene is responsible for the inward rectifier current (IK1) required

for the stabilization of ventricular cells in a low resting membrane

potential. As expected, hPSC-LV-CMs expressed higher levels

of KCNJ2 than hPSC-Std-CMs but only at day 40 (Figures 5R

and 5S).

Collectively, at an electrophysiological level, hPSC-LV-CMs

display many phenotypic features ascribed as more developed

than hPSC-Std-CMs, some of which were enhanced with time

in culture. However, the electrophysiology of hPSC-LV-CMs

was still immature compared to adult ventricular cardiomyocytes

(reviewed in Kane and Terracciano57).

HPSC-LV-CMs have more adult-like calcium transients
To characterize the hPSC-LV-CMs functionally, we carried out

calcium transient analysis using Fluo-4-AM and optical mapping.

hPSC-LV-CMs had a slower transient rate (Figure S6D) in keep-

ing with previous assessments (Figures 5A and S6A). Higher cal-

cium transient (CaT) amplitude was seen in hPSC-LV-CMs, but

these displayed overall slower calcium dynamics at day 20

compared with hPSC-Std-CMs (Figures 6A–6D). These results

suggested the presence of functional internal calcium stores

within both hPSC-CMs but with more immature calcium release

mechanisms in hPSC-LV-CMs. This was, however, contradic-

tory to the higher CaT amplitude (Figure 6B) and the increased

expression of genes encoding several calcium handling and

auxiliary proteins (Figure S6E) within hPSC-LV-CMs and could

reflect the different beating rates of the cells.
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We noted specifically that hPSC-LV-CMs upregulated cardiac

ryanodine receptors (RYR2), a class of calcium channels located

at the sarcoplasmic reticulum (SR) responsible for calcium

release into the cytosol (Figures 6E and S6E). To confirm that

these receptors were functional and to evaluate the dependency

of cell contraction on SR Ca2+ release, a mechanism known as

calcium-induced calcium release (CICR), we blocked them using

ryanodine. Ryanodine treatment slowed the CaT of both hPSC-

CM cultures, demonstrating that both use the SR to regulate cal-

cium flux through the cell (Figures 6Fi and 6Fii). However, the

cellular response to ryanodine was very different in these cul-

tures: 1–5 mM ryanodine induced the opening of RYRs in

hPSC-Std-CMs and only inhibited them at 10–20 mM concentra-

tions, which contrasted with the strong inhibitory action of ryano-

dine at all concentrations tested in hPSC-LV-CMs (Figure 6Fiii). It

has been demonstrated previously that in adult cardiomyocytes,

ryanodine locks RYRs in an open subconductance state only at

nanomole concentrations.58 Thus, hPSC-LV-CMs are more sen-

sitive to ryanodine, suggesting they have more SR-depen-

dent CaTs.

Next, we evaluated if cells were equipped to remove calcium

from the cytosol by measuring the expression of phospholam-

ban (PLN) and SR/endoplasmic reticulum Ca2+-ATPase

(SERCA2, ATP2A2). The ATPase is responsible for the transport

of calcium from the cytosol into the SR, and it is regulated by

PLN. While the genes encoding these proteins were elevated

in hPSC-LV-CMs (Figure S6E), only PLN was expressed at

higher levels in hPSC-LV-CMs (Figures 6G and 6H). Yet, when

we blocked SERCA2 with thapsigargin, hPSC-LV-CMs were

more sensitive to the drug (Figure 6I), indicating a greater depen-

dency of contraction on the SR. Both cultures had, however,

slower CaT when exposed to thapsigargin, with a pronounced

extended time to baseline suggesting that calcium reuptake by

SERCA2 is required for calcium homeostasis within both CMcul-

tures (Figures 6Ii and 6Iii).

We noted that time in culture had aminimal effect on most cal-

cium genes studied, the exception being RYR2, ASPH, and

TRDN, which were upregulated at the transcript level with time

(Figures 6G, 6H, and S6F). Thus, we next determined if time

improved the cells’ calcium handling ability. Day 40 hPSC-LV-

CMs had increased Ca2+ amplitude but minimal changes in

CaTs when measured at spontaneous beat rate (Figures S6G–

S6J). Compared with hPSC-Std-CMs, the amplitude was also

the only obvious difference between the CaTs of these cells

(higher in hPSC-LV-CMs), with hPSC-Std-CMs remaining

marginally faster at a spontaneous beat rate (Figures S6K–S6N).

Collectively, day 20 hPSC-LV-CMs appear to have more func-

tional SR Ca2+ stores and more effective CICR, albeit exhibiting

slower CaTs, providing evidence that the more mature cytoarch-

itecture and electrophysiology enabled more mature function.

Time in culture had a more marked effect on hPSC-Std-CMs,

in line with the fact hPSC-LV-CMs mature earlier.

HPSC-LV-CMs generate more functional engineered
heart tissues
To determine if the more mature phenotype of hPSC-LV-CMs

would be reflected in the maturity of engineered heart tissues

(EHTs), we made EHTs from both hPSC-LV-CMs (LV-EHTs)
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Figure 6. hPSC-LV-CMs have more adult-

like calcium transients

Calcium function characterization of day 20 hPSC-

CMs differentiated using the standard (Std) or LV

differentiation protocols. Data were analyzed using

optical mapping.

(A) Representative calcium transients (CaTs).

(B) CaT amplitude.

(C) CaT time to peak (TTP).

(D) CaT time to baseline 90 (TTB90).

(E) Immunostaining micrographs of hPSC-CMs.

Scale bar: 50 mm.

(F) Study of RYR inhibition using ryanodine. (i and ii)

Representative CaTs after exposure to 5 mM rya-

nodine. (iii) CaT amplitude after 15 min exposure to

different ryanodine concentrations.

(G) (i) Western blot analysis showing PLN expres-

sion. (ii) Quantification of PLN expression.

(H) (i) Western blot analysis showing ATPA2

expression. (ii) Quantification of ATPA2 expression.

(I) Study of ATPA2 inhibition using thapsigargin.

(i and ii) Representative CaTs after exposure to

5 mM thapsigargin. (iii) CaT amplitude after 15 min

exposure to different thapsigargin concentrations.

See also Figure S6.
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and hPSC-Std-CMs (Std-EHTs). Std-EHTs and LV-EHTs had a

similar length and were both populated with cardiomyocytes

throughout, but X-ray microscopy revealed significant morpho-

logical differences. Std-EHTs had a more irregular width and

were thinner around day 15 (Figures 7A and 7B; Videos S2, S3,

S4, S5, S6, and S7). We also noted that while in LV-EHTs, the

cardiomyocytes organized themselves in interconnected bun-

dles, and long stretches of cells could be seen aligned longitudi-

nally throughout along the length of the EHT, in Std-EHTs, most

cardiomyocytes did not form these bundles, and instead clumps

of different sizes could be seen along the EHTs (Figure 7B;

Videos S4, S5, S6, and S7).
Cell Re
Immunostaining confirmed this pheno-

type (Figures 7C and 7D), and transmis-

sion electron microscopy (TEM) showed

that at a structural level, LV-EHTs exhibit

T-tubules and tubular structures (likely

SR) surrounding myofibrils (Figure 7E),

further highlighting that LV-EHTs are

developing appropriate cardiomyocyte ar-

chitecture. It is unclear at this stage, how-

ever, why Std-EHTs did not have the abil-

ity to consistently form cardiomyocyte

bundles and generated EHTs with a

more uneven cellular distribution. Given

that there is a reduction in the cell number

per field of view in Std-EHTs (Figure S7D),

despite similar numbers of cells used in

their manufacture, it is possible that

increased cell deathmay have contributed

to the lower performance of Std-EHTs.

This cannot, however, explain why LV-

EHTs express increased levels of
HAND1, TNNI1, TNNI3, and KCNJ2 (Figure S7E) or why LV-

EHTs have longer sarcomeres (Figure 7F).

The superior cytoarchitecture of LV-EHTs went hand in hand

with slower beating rate and better function (Figures 7G–7M;

Videos S2, S3, S4, S5, S6, and S7). Even those LV-EHTs that

were no longer beating consistently could be paced (Figure S7A),

suggesting that LV-EHTs are losing the pacemaker potentials

typical of immature cardiomyocytes. Of note, some Std-EHTs

struggled to follow the pace when stimulated, while, under the

same standard pacing conditions, LV-EHTs followed steadily

the pacing they were subjected to (Figure S7C). Functionally,

LV-EHTs exhibited faster CaTs (Figures 7H, 7I, and S7B), faster
ports Methods 3, 100456, April 24, 2023 13



A B

C F

G

D E H

I

J K L M

(legend on next page)

14 Cell Reports Methods 3, 100456, April 24, 2023

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
contraction dynamics (Figures 7J–7L), and enhanced contrac-

tion forces (Figure 7M). A decreased beating rate would be

expected to slow contraction and relaxation in cardiac prepara-

tions. It is thus noteworthy that the LV-EHTs retained their rapid

contraction and relaxation despite their markedly slowed

beating rate.

Taken together, these data demonstrate the generation of

EHTs, per se, is not able to rescue the lag in maturation present

in the hPSC-Std-CMs, providing evidence that the enhanced

maturity of hPSC-LV-CMs correlates with the higher quality/

functionality of the LV-EHTs.

DISCUSSION

Here, we described a two-step approach for the rapid generation

of near-homogenous LV-cardiomyocyte cultures with increased

holistic mature properties. Our findings support the theory that

LV cardiomyocytes arise from a unique mesoderm population,

further extending the findings of Lee et al.8 to demonstrate that

appropriate mesoderm induction is critical for obtaining LV-spe-

cific cardiomyocytes. Modulating the WNT (via the GSK3b inhi-

bition Chir) and BMP pathways was critical for the identification

of an LV-progenitor corridor. The interplay between BMP and

WNT pathways has been previously demonstrated during meso-

derm specification.24,59 Our results suggest further that in vitro

LV cardiomyocyte progenitor specification relies on lower WNT

and the presence of BMP.

Progenitor fine-tuning was not enough to completely abolish

the presence of atrial NR2F2+ cells from the cultures, but we cir-

cumvented this problem by the addition of a pan-RA inhibitor

(AGN). RA signaling is necessary for the efficient generation of

atrial cardiomyocytes from hPSCs.8,60–62 However, the role RA

inhibition may play to induce ventricular differentiation is

unclear.61,62 Our study is consistent with these reports and

aligns with a model where LV progenitors are still able to

generate right ventricular and atrial cardiomyocytes and where

the absence of RA signaling prevents residual atrial differentia-

tion. It further demonstrates that right ventricular differentiation

requires RA exposure, in keeping with Yang et al.63 In vivo, this

RA signaling balance is coordinated by a combination of high

CYP26A1 and low ALDH1A2 expression levels.64 We demon-

strate that while LV progenitors express CYP26A1 and have

low ALDH activity, slightly elevated levels of ALDH1A2 expres-

sion at day 4 probably contribute to residual atrial differentiation.

Thus, RA inhibition is linked to the inhibition of atrial differentia-

tion in ventricle-primed cultures. While the RA inhibition role
Figure 7. hPSC-LV-CMs generate more functional engineered heart tis

Characterization of EHTs generated from day 40 hPSC-CMs differentiated using

(A) Light microscopy micrographs showing the overall structure of EHTs. Scale b

(B) Micrographs showing the ultrastructure of EHTs as obtained by X-ray micros

images. Scale bar: 100 mm.

(C and D) Immunostaining micrographs of EHTs. Images represent a single foca

(E) Transmission electron micrographs of LV-EHTs showing T-tubules (top) and sa

(F and G) Graphs showing the sarcomere length (F) and beat rate (G).

(H and I) Calcium transient (CaT) analysis of day 14/15 EHTs; CaT time to peak (

(J–L) Graphs showing contraction time to peak (J), contraction relaxation time (K

(M) Force generated at the indicated days post-EHT generation.

See also Figure S7.
appears to be relatively minor, it enables the generation of

cleaner ventricular cultures, which is of relevance for translating

the potential of hPSCs-CMs for pharma- and therapeutical

applications.

Monitoring cells over time revealed that LV progenitors

transit via a ISL1/GATA4/NKX2.5 expressing stage prior to up-

regulating the first heart field and ventricular markers TBX5,

HAND1, HCN4, IRX4, and HEY2.22,29,38,47 ISL1-expressing cells

contribute predominantly to secondary heart field descendants,

but they also contribute to a substantial number of LV descen-

dants including the trabecula and cells of the LV wall.65 Our re-

sults are in line with the ISL1 lineage tracing and further suggest

that ISL1 progenitors contribute to the first heart field and not

directly to the LV. It is, however, unclear why apparently all

ISL1+ progenitors adopt an LV fate in our cultures. One plau-

sible explanation is that ISL1 could be a broader cardiomyo-

cyte progenitor in humans expressed in all cells before heart

field progenitor specification. This would be in keeping with

the fact human gastrula embryos express ISL1 in both caudal

and rostral mesoderm while TBX5 is only expressed in rostral

mesoderm.66

An unanticipated finding of our study was that hPSC-LV-CMs

are more mature than cardiomyocytes generated using the stan-

dard cardiomyocyte protocol4,5 in all indices of maturity

measured (Table S2). It was particularly interesting to see that

hPSC-LV-CMs were more sensitive to calcium blockers than

hPSC-Std-CMs, implying that hPSC-LV-CMs could have more

faithful pharmacological responses. Our results further indicate

that day 20 hPSC-LV-CMs are closer to day 90 hPSC-Std-

CMs than to other age-matched cardiomyocytes32–34 in terms

of maturity, suggesting that higher/faster maturity is an intrinsic

result of cardiomyocyte progenitor patterning.

Studies aimed at maturing hPSC-CMs in monolayer cultures

have used fatty acid-enriched medium and claim that this im-

proves cardiomyocyte cytoarchitecture, respiration, force pro-

duction, calcium kinetics, and AP upstroke velocity.67,68 Despite

the lack of fatty acids in the media, hPSC-LV-CMs exhibited

similar improved features compared with hPSC-Std-CMs

(Table S2), albeit it is difficult to directly compare results across

studies. Time in culture has also previously been shown to

improve hPSC-CM maturity.32,69 Functionally, we noted that

extended time in culture helped hPSC-LV-CMs develop: they

had a more mature AP shape and duration, a higher CaT ampli-

tude, and a longer sarcomere length. We also found evidence of

developing T-tubules and an associated SR network in day 40

hPSC-LV-CMs. However, time in culture came at the expense
sues (EHTs)

the standard (Std) or LV protocols.

ar: 1 mm.

copy. Top panels show longitudinal images. Bottom panels show transverse

l plane. Zoomed view (D). Scale bar: 100 mm.

rcoplasmic reticulum networks (bottom) (blue arrow heads). Scale bar: 500 nm.

H) and CaT time to decay 90 (I).

), and contraction duration (L) of day 14/15 EHTs.
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of culture viability, with cells showing signs of stress and

becoming increasingly difficult to lift even at day 40 (Figure S4F;

data not shown). Primary adult cardiomyocyte cultures are

known to detach and rapidly lose physiological function,70–72

with surviving cells typically assuming a fetal phenotype.70

Thus, it was reassuring to see higher maturity within EHTs, which

provide a more natural 3D environment than monolayers in long-

term 2D cultures.

Multiple 3D approaches have been used to promote cardio-

myocyte maturity, with some relying on embryoid body-like

multilineage cultures33 and others onmore sophisticated 3D cul-

tures such as EHTs,73,74 biowires,75 or sustained pacing.76 In this

study, we chose to use EHTs to understand if a 3D environment

could even out the maturity of hPSC-LV-CMs and hPSC-

Std-CMs. Auxotonic contraction against a mechanical load, as

promoted by EHTs, is known to improve the morphological,

functional, andmetabolic maturity of hPSC-CMs.73,74,77–79 How-

ever, our data show that the mechanical load exerted by the

EHTs was additive to the maturity of the cells of origin rather

than transformative.

Interestingly, we also observed a slower beat rate within

hPSC-LV-CMs and LV-EHTs. hPSC-CM spontaneous beating

is due to the presence of the pacemaking current If and reduced

densities of the hyperpolarizing current IK1, which are lacking

or are more prevalent in adult cardiomyocytes, respectively

(reviewed in Goversen et al.80). These phenotypes are respon-

sible for the proarrhythmic traits associated with these cells.81

Elevated levels of IK1 in our cultures are likely an important factor

in enabling loss of spontaneous beating in the hPSC-LV-CMs.

This reduction of automaticity is an important feature of our cells

as it reflects the higher electrophysiology maturity of the cells

and will probably enable more faithful drug responses, bypass-

ing some of the issues associated with the use of hPSC-CMs

for in vitro drug screens. Likewise, the homogeneity and higher

maturity of these LV cultures may facilitate their use in cell

replacement therapy approaches, as they could potentially limit

the transient post-transplant ventricular tachycardia seen in

large-animal model transplantation studies using other hPSC-

CMs.82–85

In conclusion, these results demonstrate that hPSC-LV-CMs

are a suitable model to study LV development and disease and

will likely enable more faithful LV-specific drug cardiotoxicity

screens. Moreover, this work opens the possibility of like-for-

like cell replacement therapy becoming an accessible treatment

for patients with heart failure.

Limitations of the study
A question that will need to be addressed in the future is if hPSC-

Std-CM cultures are less mature because they contain fewer LV

cardiomyocytes. The different respiration capacity of isolated-

ventricular cardiomyocytes from LV and Std populations (higher

in LV) suggest that hPSC-LV-CMs are more mature, but we

cannot rule out if the differences observed reflect right

ventricle/LV maturity biases. Moreover, whether the same is

true for other maturity hallmarks remains to be assessed.

HPSC-LV-CMs will also need to be tested further to (1) ascer-

tain if they are more sensitive and/or produce more accurate

readouts for drugs known to impact ventricular function and (2)
16 Cell Reports Methods 3, 100456, April 24, 2023
determine if their physiology is approximate to that of bone

fide adult ventricular cardiomyocytes.

In addition, to obtain maximal maturation, and thus maximal

translation potential, it may be beneficial to further combine

this hPSC-LV-CM differentiation approach with previously

described maturation regimes.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Antibodies for western blot, flow cytometry

and immunofluorescence antibodies

Various See antibody table (STAR Methods)

rowheadBiological samples

Human adult RV tissue AnaBios 200317HHA, 180828HHB, 181008HHA

Human adult LV tissue AnaBios 200317HHA, 180828HHB, 181008HHA

Human adult RA tissue AnaBios 200317HHA, 180828HHB, 181008HHA

Human adult LA tissue AnaBios 200317HHA, 180828HHB, 181008HHA

Human adult RV-CMs AnaBios 200814HHA, 201005HHA, 201030HHB

Human adult LV-CMs AnaBios 200814HHA, 201005HHA, 201030HHB

Chemicals, peptides, and recombinant proteins

Y-27632 Tocris 1254

CHIR99021 Sellek Chemicals S2924

IWR-1 Sigma Aldrich I0161-5MG

Lactate Sigma Aldrich L7022

Activin A R&D 338-AC-010

FGF2 R&D 233-FB-025

BMP4 R&D 314-BP-010

L-ascorbic acid Sigma Aldrich A8960

AGN193109 Santa Cruz sc-210768

Fibronectin Sigma Aldrich F1141-5MG

PFA Thermo Fisher Scientific 28908

Agarose Sigma Aldrich A9539

Triton X-100 Sigma Aldrich T8787

Donkey serum Sigma Aldrich D9663

Goat serum Sigma Aldrich G9023

BSA Thermo Fisher Scientific B4287

FBS Thermo Fisher Scientific 16000044

TBS Sigma Aldrich T6664

DPBS Thermo Fisher Scientific 14190–144

DAPI Thermo Fisher Scientific D1306

Hoechst Thermo Fisher Scientific 33342

N-propylgallate Sigma Aldrich P3130

Glycerol Thermo Fisher Scientific A16205

Perm/Wash buffer BD Biosciences 554723

Cell Lytic M buffer Sigma Aldrich C2978

SDS LB buffer BIO-RAD 161–0416

Pre-cast Bis-Tris 4-20% gels Genscript M00657

Tri-Glycine 4–20% gel NuSep NG12-420

Tween 20 Sigma Aldrich P1379

Odissey blocking solution LI-COR 927–60001

Dimethyl sulfoxide Sigma Aldrich D2650

Na phosphate monobasic (PB) EMS 21190

Glutaraldehyde Sigma Aldrich 340855

CyGELTM BioStatus CY10500

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Potassium ferricyanide Sigma Aldrich 702587

Thiocarbohydrazide Sigma Aldrich 223220

Osmium tetroxide TAAB O002

Uranyl acetate AGAR Scientific R1260A

Propylene oxide AGAR Scientific AGR1080

Durcupan resin single components A-D Sigma Aldrich 44602, 44591, 44608, 44612

di-4-ANNEPS Thermo Fisher Scientific D1199

Fura-4F Thermo Fisher Scientific F14175

D-Galactose Sigma Aldrich G0750

Thapsigargin Sigma Aldrich T9033

Ryanodine Sigma Aldrich 559276-500UG

JTV 519 fumarate Tocris 4564

TrypLE Express ThermoFisher Scientific 12604013

Versene ThermoFisher Scientific 15040066

mTeSR1 STEMCELL Technologies 100–0276

RPMI 1640 STEMCELL Technologies 118750

B27-insulin ThermoFisher Scientific A1895601

B27 ThermoFisher Scientific 17504044

RPMI 1640 - glucose STEMCELL Technologies 11875

B27 -vitamin A ThermoFisher Scientific 12587010

GFR Matrigel Corning 354230

Geltrex Thermo Fisher Scientific A1413301

Collagenase type II solution Worthington LS004176

Ca2+ free HBSS Thermo Fisher Scientific 14175–053

HEPES Thermo Fisher Scientific 15630080

N-benzyl-p-toluene sulfonamide TCI B3082

Ca2+ containing DMEM Sigma Aldrich F0415

DNase Sigma Aldrich D8764

Penicillin/streptomycin Thermo Fisher Scientific 15070063

Fibrinogen Sigma Aldrich F4753

Thrombine Biopur BP11101104

Aprotinin Sigma Aldrich A1153

Horse serum Thermo Fisher Scientific 26050

DMEM Sigma Aldrich D5671

Phenol-free/serum-free DMEM Thermo Fisher Scientific 14430–01

10x DMEM Thermo Fisher Scientific 52100–021

Sodium Pyruvate Thermo Fisher Scientific 11360–070

Glutamax Thermo Fisher Scientific 35050–038

Insulin Sigma Aldrich 19278-5ML

Critical commercial assays

Stemflow Human and Mouse Pluripotent

Stem Cell Analysis Kit

BD Biosciences 560477

Aldefluor Kit STEMCELL Technologies 01700

Cardiomyocyte dissociation kit STEMCELL Technologies 05025

RNeasy mini kit Qiagen 74104

Maxima First Strand cDNA Synthesis kit Thermo Fisher Scientific K1641

LightCycler 480 SYBR Green I Master mix Roche Holding AG 04887352001

Seahorse XF flux pack Agilent 102416–100

Seahorse XF DMEM assay medium pack Agilent 103680–100

Cell Mito Stress kit Agilent 103010–100

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Bulk RNA-seq data This study. Illumina HiSeq4000. GEO: GSE203375

Day 90 hPSC-CMs generated in monolayers

using the standard WNT-ON/WNT-OFF

protocol (CHIR 99021/IWP2), Cyganek-V

Cyganek et al., 20186 N/A

Day 90 hPSC-CMs generated in monolayers

using the standard WNT-ON/WNT-OFF

protocol (CHIR99021/IWP2) +RA, Cyganek-A

Cyganek et al., 20186 N/A

Day 20 hPSC-CMs generated in monolayers

in the presence of BMP4, Activin A and

CHIR99021, followed by XAV939

Kuppusamy et al., 201532 N/A

Day 20 hPSC-CMs generated in monolayers in

the presence of BMP4, Activin A and CHIR99021

followed by XAV939

Giacomelli et al., 202033 N/A

Day 20 hPSC-CMs generated in monolayers

using the standard WNT-ON/WNT-OFF protocol

(CHIR99021/IWP4)

Branco et al., 201934 N/A

Day 6 and D8 hPSC-CMs generated

using the standard WNT-ON/WNT-OFF

(CHIR99021/IWR1) protocol.

Zhang et al., 201948 N/A

Human adult ventricular tissues. Yang et al., 201488 N/A

Human fetal ventricular tissues Kuppusamy et al., 201532 N/A

Experimental models: Cell lines

WA09 hESC WiCell WA09

WA01 hESC WiCell WA01

MYL2-GFP hiPSC Allen Institute AICS-0060-027

Oligonucleotides

Primers used in this study This paper See primer table (STAR Methods)

Software and algorithms

Fiji-ImageJ Shindelin et al., 201289 https://imagej.net/Fiji/Downloads

GraphPad Prism 8.2.0 GraphPad N/A

MUSCLEMOTION Sala et al., 201890 N/A

Clampex 10.0 Molecular Devices Axon

Instruments

N/A

nf-core/rnaseq v3.0 Ewels et al., 202091 https://nf-co.re/rnaseq

STAR version Dobin et al., 201392 https://github.com/alexdobin/STAR

RSEM Li and Dewey, 201193 https://github.com/deweylab/RSEM

R v4.0.2 R Core Team, 2021 https://www.r-project.org/

DESeq2 Love et al., 201494 https://bioconductor.org/packages/release/

bioc/html/DESeq2.html

tximport Soneson et al., 201595 https://bioconductor.org/packages/release/

bioc/html/tximport.html

PCAtools Blighe and Lun, 202096 https://bioconductor.org/packages/release/

bioc/html/PCAtools.html

PoiClaClu Witten, 201997 https://cran.rstudio.com/web/packages/

PoiClaClu/index.html

IHW Ignatiadis et al., 201698 https://bioconductor.org/packages/release/

bioc/html/IHW.html

DE-Greport Pantano, 202099 https://www.bioconductor.org/packages/

release/bioc/html/DEGreport.html

clusterProfiler Yu et al., 2012100 https://bioconductor.org/packages/release/

bioc/html/clusterProfiler.html

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Other

6 well plates Corning 3506

12 well plates Corning 3512

24 well plates Nunc 122475

8 well Ibidi slides Ibidi 80806

Nuncleon 96 well plates Sigma Aldrich P8366-50EA

35 mm MatTek dishes (14 mm) MatTek Life Sciences P35G-1.5-14-C

35 mm MatTek dishes (7 mm) MatTek Life Sciences P35G-1.5-7-C

Flow cytometry tubes Thermo Fisher Scientific 10585801

40 mM cell strainer VWR 734–0002

Test tube +35 mM strainer cap Thermo Fisher Scientific 10585801
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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, Andreia

Sofia Bernardo (andreia.bernardo@crick.ac.uk, a.bernardo@imperial.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d Bulk RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers are

listed in the key resources table. This paper analyses existing, publicly available data. The accession numbers for these data-

sets are listed in the key resources table.

d This paper does not report original code. All code is available from the lead contact upon request.

d Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human pluripotent stem cell lines’ origin, characterization and maintenance
Human embryonic stem cell lines H9 (WA09, karyotype: 46, XX) and H1 (WA01, karyotype: 46, XY) were purchased from WiCell

Research Institute. The induced pluripotent stem cell line MYL2-GFP (AICS0060-027, karyotype: 46, XY) was purchased from the

Allen Institute. The hPSC lines were maintained in feeder-free culture conditions on Corning growth factor reduced Matrigel mem-

brane matrix (GFR Matrigel, Corning) or geltrex (Thermo Fisher) in mTeSR1 maintenance medium (STEMCELL Technologies). Cells

were passaged every 4–5 days as aggregates using Gibco Versene solution (Thermo Fisher Scientific) and cell scrapers, at a split

ratio of 1:8-1:10. Prior to cryopreservation, hPSCs were assessed for genetic stability by KaryoStat and indicators of pluripotency

were assessed by PluriTest (Thermo Fisher Scientific). Human stem cells were subject to routine pluripotency testing using BDStem-

flow Human and Mouse Pluripotent Stem Cell Analysis Kit (BD Biosciences) as recommended by the manufacturers, or by immuno-

staining against OCT3/4, SOX2 and NANOG using the standard immunostaining protocol as detailed below. In house routine low-

pass sequencing was also performed to confirm karyotype stability. All experiments with hESCs were approved by the UK Stem

Cell Bank steering committee.

Donor heart procurement
All methods were carried out in accordance with relevant guidelines and regulations. All human hearts used for this study were non-

transplantable and ethically obtained by informed legal consent (first person or next-of-kin) from cadaveric organ donors in the United

States (US). Our recovery protocols and in vitro experimentation were pre-approved by IRBs (Institutional Review Boards) at trans-

plant centers within the US OPTN (Organ Procurement Transplant Network). Furthermore, all transfers of the donor hearts are fully

traceable and periodically reviewed by US Federal authorities. Donor characteristics, heart number, and donor identifier are shown in

the key resource table and exclusion criteria were previously described.101
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mailto:andreia.bernardo@crick.ac.uk
mailto:a.bernardo@imperial.ac.uk


Article
ll

OPEN ACCESS
METHOD DETAILS

Directed differentiation of human pluripotent stem cell lines toward cardiomyocytes
All cell lines were dissociated using TrypLE Express (Thermo Fisher Scientific) and seed as single cells in mTeSR1 (STEMCELL Tech-

nologies) supplemented with 10 mM Y-27632 (Tocris) and grown until they reached 70–80% confluency. Cell seeding density was

determined using the NC200 cell counter (Chemometec, Denmark). Seeding density was optimized for each cell line; accuracy in

seeding density is essential for reproducibility. Standard cardiomyocyte differentiation was performed as described previously.4,5

In brief, on the first day of differentiation cells were moved to ‘heart 1 medium’ consisting of RPMI 1640 (Life Technologies) supple-

mented with B27-insulin (Thermo Fisher Scientific) and 6 mM CHIR99021 (Sellek Chemicals). On day 2, medium was changed to

‘heart 1 media’ supplemented with 1 mM IWR-1 (Sigma). On day 4 and day 6 cells were fed with ‘heart 1 media’ alone. From day

8, cells were grown in media containing insulin (i.e. where insulin is presence in the B27 supplement – Thermo Fisher Scientific),

and cells were kept in this media thereafter. Metabolic selection was performed from days 10–12 in RPMI 1640 devoid of

glucose (Life Technologies) and supplemented with 4 mM lactate (Sigma). To optimise the differentiation of cells into left

ventricular cardiomyocytes, cells were cultured in ‘heart media 1’ supplemented with Activin A (5 ng/mL – R&D), FGF2 (5 ng/mL -

R&D) and varying amounts of BMP4 (0–7 ng/mL - R&D) and CHIR99021 (0-8 mM - Sellek Chemicals) for 24h. Next, cells were

cultured in media alone for 24h following by 2 days of culture in ‘heart media 1’ supplemented with 1 mM IWR-1 (Sigma) and

65 mg/mL L-ascorbic acid (Sigma Aldrich). At days 4 and 6 cells were fed with ‘heart media 1’ supplemented with 65 mg/mL

L-ascorbic acid. From day 8, cells were moved to media containing insulin (i.e. where insulin is presence in the B27 supplement)

and supplemented with 65 mg/mL L-ascorbic acid, and cells were kept in this media thereafter. Throughout the protocol cells

were grown either in the presence or absence of the pan RA inhibitor AGN193109 (Santa Cruz) for the first 8 days of culture and/or

the presence or absence of vitamin A from day 8 and onwards (i.e. B27 was purchased with or without vitamin A – Thermo

Fisher Scientific); presence of AGN193109 and use of B27 without vitamin A was needed for the obtention of more homogeneous

LV-cardiomyocyte cultures. Metabolic selection was performed from days 10–12 in RPMI 1640 devoid of glucose and supplemented

with 4 mM lactate.

Cardiomyocyte replating
Cardiomyocytes were re-plated between days 14–16 as standard using the cardiomyocyte dissociation medium from STEMCELL

Technologies and following manufacturer’s guidelines (STEMCELL Technologies). Cells were plated onto new dishes coated with

GFR Matrigel (Corning), Fibronectin (Sigma) or Geltrex (Thermo Fisher Scientific) at a seeding density of 3x105 cells/cm2, or as indi-

cated, in cardiomyocyte support medium (STEMCELL Technologies) supplemented with 10 mMY-27632 (Tocris). After 24 h, the me-

dia was changed to the appropriate insulin containing media. Cells were re-plated on other days for specific assays following the

same protocol.

Engineered heart tissues
Differentiated cardiomyocytes (day 40) were used to generate EHTs as previously described.102 In brief, cells were dissociated into

single cells with collagenase type II solution consisting of collagenase type II (Worthington, LS004176) diluted in 200 U/ml Ca2+-

free HBSS (Thermo Fisher Scientific) and supplemented with 1 mM HEPES [pH 7.4] (Thermo Fisher Scientific), 10 mM Y-27632

(Tocris), and 30 mM N-benzyl-p-toluene sulfonamide (TCI); cells were incubated for 2–3 h at 37�C. Dissociated cells were washed

with a washing solution consisting of Ca2+ containing DMEM (Sigma) and DNase (12 mg/mL; Sigma-Aldrich), and centrifuged at

100 g for 10 min. Cells were resuspended in a DMEM solution containing Ca2+ and 1% penicillin/streptomycin (Thermo Fisher

Scientific). Cells’ concentration was adjusted to 1x106 cells per EHT. EHTs were generated in agarose casting molds (2% agarose

in PBS) made with custom-made Teflon spacers in 24-well plates (Nunc). The EHT mastermix was made of cells mixed with: non-

cardiomyocyte media (DMEM (Sigma), 10% FCS (Thermo Fisher Scientific) and 1x glutamax (Thermo Fisher Scientific)); 5 mg/mL

bovine fibrinogen (Sigma) diluted in NaCl 0.9%; 0.5 mg/mg aprotinin (Sigma), and 2x DMEM (Thermo Fisher Scientific). 100 ml of

mastermix and 3 mL thrombin (100 U/ml (Biopur)) per EHT were pipetted into the agarose molds where silicone posts were placed,

followed by incubation at 37�C. After fibrin polymerization (2 h), the silicone posts with successfully attached EHT were transferred

into a new 24 well plate with culture medium made of DMEM (Sigma), 1% penicillin/streptomycin (Thermo Fisher Scientific), 10%

horse serum (Thermo Fisher Scientific), 10 mg/mL insulin (Sigma), and 33 mg/mL aprotinin (Sigma). EHTs were fed every three

days. Analyses of contractile force by video-optical recording were performed as previously described by Hansen et al., 2010

and functional analyses of spontaneous beating or with electrical pacing were performed as previously described using the

ImageJ macro MuscleMotion.73,90

Human adult heart tissue and isolated cardiomyocytes
Upon arrival at the laboratory, hearts were re-perfused with ice-cold proprietary cardioplegic solution (AnaBios). Tissues were then

dissected from the left and right ventricles and atria usingmicro-scissors and tweezers. Additionally, adult human primary ventricular

myocytes were isolated enzymatically from the left and right ventricles.103–105 Tissues and cardiomyocytes were immediately sub-

merged in liquid nitrogen for approximately 30 s and then removed carefully with liquid nitrogen tongs and placed on dry ice. Next, the

samples were quickly transferred and stored in a �80�C freezer.
e5 Cell Reports Methods 3, 100456, April 24, 2023
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Immunohistochemistry
hPSC-CMs were dissociated using the Stem Cell Technologies cardiac dissociation kit and seeded on Matrigel (Corning, 354230) or

Geltrex (Thermo Fisher Scientific) coated ibidi slides (Ibidi) at a density of 3x105 cells/cm2. At days 20, 40 or 60 the cultures were

washedwith PBS (Thermo Fisher Scientific), fixedwith 4%paraformaldehyde/PBS (Thermo Fisher Scientific) for 10min at room tem-

perature, permeabilized for 10 min in a PBS solution containing with 0.2% Triton X-100 (Sigma), and blocked in a 5% donkey serum/

TBS solution (Sigma) or 5% normal (pre-immune) goat serum in 1% BSA/TBS (Sigma) for 30 min at room temperature. The cultures

were then incubated with primary antibodies (Antibody Table) diluted in 5% donkey serum/TBS (Sigma) or 1% BSA/TBS (Thermo

Fisher Scientific) and incubated overnight at 4�C in a humid chamber. After 3 3 5 min washings with PBS, cells were

incubated with secondary antibodies Alexa 488, 594, or 647 (Antibody Table) mixed in TBS for 1 h at room temperature. After a final

33 5 min wash, the cultures were stained with DAPI (Thermo Fisher Scientific) and were after embedded in Lisbeth’s mounting me-

dium (Tris-buffered glycerol containing n-propylgallate106) for confocal microscopy. The images were recorded on a Leica SP5

Confocal microscope (Leica Biosystems) or a Zeiss confocal system (Zeiss) and acquired with Leica LAS X Life Science or Zeiss

Zen software, respectively. For high throughput analysis we used the Nikon Eclipse Ti2 inverted microscope.

Antibody table
Antibodies (primaries) Species Concentration Source Identifier

POU5F1 (ICC) Mouse 1:200 Santa Cruz Cat# SC-5279; RRID:AB_628051

NANOG (ICC) Goat 1:200 R&D Cat# AF1997; RRID:AB_355097

SOX2 (ICC) Rabbit 1:200 Millipore Cat# AB5603; RRID:AB_2286686

POU5F1-PecCP5.5 (FC)

Isotype-PerCP5.5

Mouse 20 mL per 1x106 cells BD-Biosciences Cat# 560794; RRID:AB_1937313

Cat# 552834; RRID:AB_394484

NANOG-647 (FC)

Isotype-647 (FC)

Mouse 5 mL per 1x106 cells BD-Biosciences Cat# 561300; RRID:AB_10611718

Cat# 557714; RRID:AB_396823

SOX2-488 (FC)

Isotype-488 (FC)

Mouse 2.5 mL per 1x106 cells BD-Biosciences Cat# 561593; RRID:AB_10894382

Cat# 557721; RRID:AB_396830

SSEA1-PE (FC)

Isotype-PE (FC)

Mouse 20 mL per 1x106 cells BD-Biosciences Cat# 560886; RRID:AB_10584320

Cat# 555584; RRID:AB_395960

SSEA4-647 (FC)

Isotype-647 (FC)

Mouse 5 mL per 1x106 cells BD-Biosciences Cat# 563119; RRID:AB_2738015

Cat# 563274; RRID: AB_2869481

TNNT2 (ICC) Mouse 1:200 Invitrogen Cat# MA5-12960; RRID:AB_11000742

TNNT2-PE (FC)

Isotype-PE (FC)

Mouse 5 mL per 1x106 cells BD Cat# 564767; RRID:AB_2738939

Cat# 554680; RRID:AB_395506

MYL2 (ICC/FC) Rabbit 1:100/1:100 for 5x105 cells Proteintech Cat# 10906-1-AP; RRID:AB_2147453

HAND1 (ICC/FC) Goat 1:100/1:100 for 5x105 cells R&D Cat# AF3168; RRID:AB_2115853

NR2F2 (ICC) Mouse 1:150 R&D Cat# PP-H7147-00; RRID:AB_2155627

TNNI3 (ICC) Goat 1:200 Abcam Cat# Ab56357; RRID:AB_880622

NKX2.5 (ICC) Rabbit 1:150 Santa Cruz Cat# SC-14033; RRID:AB_650281

NKX2.5 (ICC) Goat 1:100 Santa Cruz Cat# SC-8697; RRID:AB_650280

GATA4 (ICC) Rabbit 1:150 Cell signaling Cat# 36966; RRID:AB_2799108

MSX1 (ICC) Goat 1:200 R&D Cat# AF5045; RRID:AB_2148804

TBXT, BRA (ICC) Goat 1:150 R&D Cat# AF2085; RRID:AB_2200235

EOMES (ICC) Rabbit 1:200 Abcam Cat# Ab23345; RRID:AB_778267

ISL1 (ICC) Goat 1:200 R&D Cat# AF1837; RRID:AB_2126324

ISL1 (ICC) Rabbit 1:50 Abcam Cat# Ab20670; RRID:AB_881306

TBX5 (ICC) Rabbit 1:50 Thermo Fisher Scientific Cat# 42–6500; RRID:AB_2533533

FOXA2 (ICC) Rabbit 1:150 Cell Signaling Cat# 8186; RRID:AB_10891055

CTNNB1 (ICC/WB) Rabbit 1:200/1:1000 Sigma Cat# C2206; RRID:AB_476831

ACTA2 (ICC) Mouse 1:200 cline 1A4; Sigma Cat# A2547; RRID:AB_476701

TCAP (ICC) Mouse 1:20 Santa Cruz Cat# SC-25327; RRID:AB_628340

MYOM1 (ICC) Mouse 1:100 clone B4;107 N/A

MYOM2 (ICC) Mouse 1:5 108 N/A

(Continued on next page)

Cell Reports Methods 3, 100456, April 24, 2023 e6



Continued

Antibodies (primaries) Species Concentration Source Identifier

DES (ICC) Mouse 1:200 Dako Cat# M0760; RRID:AB_2335684

ACTN2 (ICC) Rabbit 1:500 Abcam Cat# Ab68167, RRID:AB_11157538

Ki67 (ICC) Rabbit 1:200 Abcam Cat# Ab15580; RRID:AB_443209

RYR2 (ICC) Mouse 1:200 Abcam Cat# Ab2868; RRID:AB_2183051

ACTN2 (ICC) Mouse 1:400 Sigma Aldrich Cat# A7811; RRID:AB_476766

GFP (ICC) Rabbit 1:1000 Abcam Cat# Ab6556; RRID:AB_305564

IK1(WB) Mouse 1:100 Santa Cruz Cat# SC-365265; RRID:AB_10841432

PLN (WB) Rabbit 1:250 Abcam Cat# Ab92697, RRID:AB_10585584

ATPA2 (WB) Mouse 1:1000 Santa Cruz Cat# SC-376235; RRID:AB_10989947

CTNNB1 (WB) Rabbit 1:500 Cell Signaling Cat# 9562S; RRID:AB_331149

TUBA1A/B (WB) Mouse 1:2000 Sigma Cat# T5168; RRID:AB_477579

Oxphos kit (WB) Mouse 1:2000 Abcam Cat# ab110411; RRID:AB_2756818

Antibodies (secondaries) Species Concentration Source Identifier

Anti-Rabbit-Alexa 488 Donkey 1:500 Thermo Fisher Scientific Cat# A-21206; RRID:AB_2535792

Anti-Goat-Alexa 647 Donkey 1:500 Thermo Fisher Scientific Cat# A-21447; RRID:AB_141844

Anti-Mouse-Alexa 594 Donkey 1:500 Thermo Fisher Scientific Cat# A-21203; RRID:AB_141633

Anti-Rabbit-Alexa 594 Donkey 1:500 Thermo Fisher Scientific Cat# A-21207; RRID:AB_141637

Anti-Goat-Alexa 594 Donkey 1:500 Thermo Fisher Scientific Cat# A-11058; RRID:AB_142540

Anti-Mouse-Alexa 488 Donkey 1:500 Thermo Fisher Scientific Cat# A-21202; RRID:AB_141607

Anti-Mouse-Alexa 647 Donkey 1:500 Thermo Fisher Scientific Cat# A-31571; RRID:AB_162542

Anti-Goat-Alexa 488 Donkey 1:500 Thermo Fisher Scientific Cat# A-11055; RRID:AB_2534102

Anti-Mouse-HRP Goat 1:2000 Bio-Rad Cat# 1706516; RRID:AB_2921252

Anti-Rabbit-HRP Goat 1:2000 Bio-Rad Cat# 1706515; RRID:AB_2617112

Anti-Mouse-IRDye 800CW Goat 1:10000 LI-COR Cat# 926–32210; RRID:AB_621842

Anti-Rabbit-IRDye 689LT Goat 1:10000 LI-COR Cat# 926–68021; RRID:AB_10706309
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Image analysis
ImageJ software was used for a variety of image analyses. Images are presented as amaximal projection unless indicated otherwise.

Quantification of cardiomyocytes was performed by determining the number ACTN2+ cells in the field of view as a proportion of the

total number of cells (DAPI). The number of LV cardiomyocytes were determined by counting the MYL2+/HAND1+ double-positive

cells within ACTN2+ cells. Quantification of ACTN2 and TNNI3 intensities relied on pixel intensity quantification and was normalised

to DAPI expression. MYL2 intensity was measured as gray mean intensity values within selected MYL2+ areas. Sarcomere length

quantification was based on ACTN2 expression and was consistently measured from the middle of the sarcomere. Ki67 expressing

cells were determined as a percentage of the total amount of cardiomyocytes as per ACTN2 and DAPI staining. Mitochondrial area,

perimeter and circularity were determined following hand drawing a line around the mitochondria, i.e. a line drawn around the outer-

most border of the mitochondria.

Aldefluor assay
Day 4 culture cells were dissociated using TrypLE Express (ThermoFisher Scientific), centrifuged at 100 g for 5 min and resuspended

in PBS at a concentration of 1x106 cells in the aldefluor assay buffer. Aldehyde dehydrogenase activity was measured as per the

manufacturer’s guidelines using the ALDEFLUOR Kit (STEMCELL Technologies).

Flow cytometry
Cardiomyocytes were detached from cell culture plates using a Cardiomyocyte Dissociation Kit (Stem Cell Technologies) following

the manufacturer’s instructions. Detached cells were washed twice in Phosphate Buffered Saline (PBS) and pelleted, before fixing in

4% Paraformaldehyde (PFA) for 15 min at room temperature. After fixation, the cells were washed three times with PBS and a final

wash with 1x Perm/Wash Buffer (BD Biosciences). The samples were then blocked in Perm/Wash Buffer containing 5% donkey

serum for 15 min at room temperature, followed by a further wash with Perm/Wash buffer. Next cells were passed through a

35 mMcell strainer into flow cytometry tubes (Thermo Fisher Scientific) to ensure therewere no clumps of cells. Unconjugated primary

antibodies (see Antibody Table) diluted in BD Perm buffer and 5% donkey serum were incubated with the cells for 1 h at room tem-

perature followed by three PBSwashing steps. After, cells were incubated with Donkey AlexaFluor conjugated secondary antibodies
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diluted at 1:200 in BD Perm buffer and 5% donkey serum for 1 h at room temperature. They were then washed two times in PBS. If

conjugated antibodies (see Antibody Table) were used these were diluted in BD Perm buffer and 5% donkey serum and incubated

with the cells for 30 min at room temperature followed by three PBS washing steps. Post staining cells were resuspended in 400 mL

PBS for analysis. Fluorescence was measured on an LSR II cytometer (BD Biosciences) and analyzed using FlowJo software

(FlowJo LLC).

Western blot
The differentiated cardiomyocytes (day 20, day 40 or day 60) were washed with PBS and lysed with Cell Lytic M Buffer (Sigma,

C2978). Samples were diluted 4 times in SDS LB buffer (BIO-RAD) and boiled at 95�C for 10 min 15 mL of samples were loaded in

each lane on a Tri-Glycine 4–20%gel (GenScript) and ran for�40–75min at 100–150 V. Gels were either dry transferred onto amem-

brane using the IBlot system (iBlot2, IB21001) for 4 min at 20 V or wet transferred for 40–60 min at 100 V in transfer buffer containing

methanol. Membranes were blocked in Odyssey blocking solution (LI-COR) for 1 h at room temperature. After blocking, the mem-

branes were incubated with primary antibodies (see Antibody Table) overnight while shaking at 4�C. After washing in TBS-T

(0.1% tween, Sigma), membranes were incubated with secondary antibodies (see Antibody Table). Blots were visualized using

the LI-COR system (LI-COR). All bands of interest were normalised against a loading control (see Antibody Table).

RNA extraction, cDNA synthesis and RT-qPCR
RNA was extracted using RNeasy mini kit (Qiagen, 74104) following the manufacturer’s instructions and stored at �80�C until all

timepoints were collected. cDNA was prepared using the Maxima First Strand cDNA Synthesis kit (Thermo Fisher Scientific,

K1641), following the manufacturer’s instructions, and including a dsDNase treatment. The cDNA was diluted (1:20) in RNase free

water before running the RT-qPCR analysis on a Roche Lightcycler 480 II (Roche Holding AG) using LightCycler 480 SYBR Green

I Master mix (Roche Holding AG, 04887352001). The primer sequences used in the qPCR analysis are detailed in Primer

Table and had an efficiency of 2 ± 10%. Relative gene expression was calculated using the DDCt method, normalising each gene

to the housekeeping gene PBGD.

Primer table
Gene Forward Reverse

HAND1 CAGCTACATCGCCTACCTGA AATCCTCTTCTCGACTGGGC

NR2F2 GCCTGTGGTCTCTCTGATGT GAATCTCGTCGGCTGGTTG

MYL2 AGGCTGATTACGTTCGGGAA TCTCTTCTCCGTGGGTGATG

HOXB4 GCAAAGAGCCCGTCGTCTAC GTCAGGTAGCGGTTGTAGTGAAAT

NANOG CATGAGTGTGGATCCAGCTTG CCTGAATAAGCAGATCCATGG

SOX2 TGGACAGTTACGCGCACAT CGAGTAGGACATGCTGTAGGT

POU5F1 AGTGAGAGGCAACCTGGAGA ACACTCGGACCACATCCTTC

IRX4 GGGCTATGGCAACTACGTGA CGAACCATCCTTGGAATCAA

HEY2 ATTTCATCCCCGATCCCTCC ATTTCATCCCCGATCCCTCC

TBX5 GCTGGAAGGCGGATGTTT GCTGGAAGGCGGATGTTT

HCN4 GGCCAGCACGTCACTCTG ATGGCAGTTTGGAGCGCA

NKX2.5 CGGCCAAGTGTGCGTCTG TTTCGGCTCTAGGGTCCTTG

TNNT2 TCCAGAAGACAGAGCGGAAA CTTCATTCAGGTGGTCAATGG

MYH7 AAGCCATCCTGAGTGCCTTC AACTTGTCTGCCTGGGTCAG

RYR2 ACACCAGATATGAAATGTGACGA ATTTCATCCCCGATCCCTCC

ATP2A2 CAGCCTTTGTAGAACCTTTTGT AATCCGCTGCACACTCTTTC

CACNA1C GGACTCCTCTTTCACCCCAA AGCGCCTTCACATCAAATCC

TNNI1 TGGTGGATGAGGAGCGATAC GTCCATCACCTTCAGCTTCAG

TNNI3 CGTGTGGACAAGGTGGATGA CCGCTTAAACTTGCCTCGAA

KCNJ2 TGTGTTTGATGTGGCGAGTG CTGGATTTGAGGAGCTGTGC
Transmission electron microscopy
hPSC-CMs grown on 35 mmMatTek glass bottom dishes were fixed with 2.5% glutaraldehyde and 4% formaldehyde in 0.1M phos-

phate buffer (PB, EMS) for 30 min at room temperature. After fixation, cells were kept in 1% formaldehyde (Sigma) in 0.1 M PB at 4�C
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prior to further processing. Samples were incubated with 2% reduced osmium (Osmium tetroxide, TAAB, plus potassium ferricya-

nide, Sigma) for 1 h at 4�C, washed 33 5 min in ddH20, incubated with 1% thiocarbohydrazide (Sigma) for 20 min at RT, washed 33

5min in ddH20, incubated in 2%aqueous osmium tetroxide (TAAB) for 30min at RT, washed 33 5min in ddH20, and incubated in 1%

uranyl acetate (AGAR Scientific) at 4�Covernight. Samples were washed 33 5min in ddH20, incubated in lead aspartate for 30min at

60�C and washed 33 5 min in ddH20. The glass coverslip was removed from the dish using a razor blade and placed in a Petri dish.

Samples were dehydrated with a graded ethanol series (70%, 90%, 100%). Coverslips were transferred to foil dishes and infiltrated

with 50:50 propylene oxide: Durcupan (Sigma) for 1h at RT, then with 100% Durcupan twice for 2 h at RT. The samples were trans-

ferred to fresh 100% Durcupan and polymerised at 60�C for 48 h. 70 nm sections were cut with a diamond knife on a Leica UC6 ul-

tramicrotome, and sections imaged using a Tecnai G2 Spirit Biotwin transmission electronmicroscope (ThermoFisher Scientific) with

an Orius CCD camera (Gatan).

MicroCT/X-ray microscope imaging
EHTs were removed from posts and mounted with pins into wax prior to being fixed in 2.5% glutaraldehyde (Sigma) and 4% form-

aldehyde (Sigma) in 0.1M phosphate buffer (PB, (EMS)) at room temperature. Next, these were washed and post fixed in 2% reduced

osmium (Osmium tetroxide, TAAB, plus potassium ferricyanide, Sigma) for 1h at 4�C, washed 33 5min in ddH20, incubated with 1%

thiocarbohydrazide (Sigma) for 20 min at RT, washed 3 3 5 min in ddH20, incubated in 2% aqueous osmium tetroxide (TAAB) for

30 min at RT, washed 3 3 5 min in ddH20, and incubated in 1% uranyl acetate (AGAR Scientific) at 4�C overnight. Samples were

washed 33 5min in ddH20, incubated in lead aspartate for 30min at 60�Candwashed 33 5min in ddH20. Sampleswere dehydrated

with a graded ethanol series (30%, 50%, 70%, 90%, 100%) on a rotator. Next, samples were infiltrated with 50:50 propylene oxide:

Durcupan (Sigma) overnight on a rotator, then with fresh 100% Durcupan on a rotator for 5h at RT. The samples were transferred to

fresh 100% Durcupan and polymerised at 60�C for 48h. Excess resin was trimmed away from the EHTs with a razor blade. Scans

were performed to produce microCT data at 40kV/3W, 1601 projections with LE2 filter for Std-EHTs and LE3 filter for LV-EHTs,

and a pixel size of 0.954 mm for Std-EHTs and 0.959 mm for LV-EHTs using an Xradia 510 Versa X-ray microscope (Zeiss). The

data was automatically reconstructed using Scout-and-Scan Control System Reconstructor software (Zeiss) and viewed in Drag-

onfly software (Object Research Systems).

Mitochondrial respiration
hPSC-CMswere seeded overnight onto Geltrex (Thermo Fisher Scientific) coatedmicroplates (part of the Seahorse XF flux pack) at a

density of 30,000 per well of a 96 well plate. One hour prior to measurement, mediumwas replaced with Seahorse XF DMEMmedium

supplemented with Seahorse XF Glucose (10 mM), Pyruvate (1 mM) and L-Glutamine (2 mM) (Agilent) and cells were incubated at

37�C in an incubator without CO2 for 1 h. The Cell Mito Stress kit (Agilent) was used to assess mitochondrial function. In brief, oxygen

consumption rate was measured at baseline, upon oligomycin (2.5 mM), FCCP (2. mM) and rotenone/antimycin (1 mM) injections (Agi-

lent, 103015-100) using the Seahorse XFe96 Analyzer. Data were normalized to the number of cells, as determined by counting DAPI

(Thermo Fisher Scientific) stained nucleus. Maximal respiration was calculated as the difference between FCCP and Rot/AA mea-

surements and spare respiratory capacity was calculated as the difference between maximal and basal respiration.

Optical mapping
hPSC-CMs were seeded on Nuncleon 96 well plates (Sigma) at a density of 3x105 cell/cm2. On the day of analysis cells were loaded

either with the voltage dye di-4-ANNEPS (4 mM, Thermo Fisher Scientific) for 1 min or the calcium dye Fura-4F (4 mM, Thermo Fischer

Scentific) for 30 min. Dyes were loaded in phenol-free/serum-free media consisting of: DMEM (Thermo Fisher Scientific), 0.2 mM

D-Galactose (Thermo Fisher Scientific), 1 mM Sodium Pyruvate (Thermo Fisher Scientific), 1x Glutamax (Thermo Fisher Scientific).

After loading, cells were placed back in the incubator for 20–30 min prior to being used for analysis. Images were acquired from a

minimum of 4 cell locations in each experiment and CellOPTIQ109 was used during acquisition. The sampling rate used was

10,000 Hz and recordings of 20 s with a 2 s pause in between acquisitions were acquired. For calcium drug tests, baseline measure-

ments were acquired first and, after drug exposure, the same locations were re-analysed. Thapsigargin (Sigma) or Ryanodine (Sigma)

were added at the following concentrations: 0.1, 1, 5, 10 and 20 mM and samples were analyzed after 5, 15 or 30 min of exposure. All

recordings were analyzedwith cellOPTIQ109 and data was curated using Excel. Transient rate was calculated based on the number of

full cycles of AP or Calcium recorded and adjusted to the time it took from the beginning of the first full transient to the end of the last

full transient.

Intracellular (sharp electrode) electrophysiology
hPSC-CMs were seeded on MatTek glass bottom dishes (MatTek Life Sciences) at a density of 10,000 cells per 14 mm glass inlet

3–7 days prior to analysis. Electrophysiological recordings were acquired using micro-electrode pipettes (30–40 MU) connected via

an Axon HS-2A x0.1LU headstage to an Axoclamp2B switch-clamp (Molecular Devices, San Jose, CA, USA). The signals were

processed through a Digidata 1440A and ClampEx 10.7 software (Molecular Devices). The pipettes were filled with high K+ internal

solution containing (in mM): KCl 2000, EGTA 0.1, HEPES 5, pH 7.2). Cells were visualised using an inverted Nikon microscope (40x)

and maintained at 37�C in extracellular modified Tyrode’s solution containing (in mM): NaCl 140, KCl 4.5, glucose 10, HEPES 10,

MgCl2 1, CaCl2 1.8, pH 7.4). Action potentials were generated using 0.5–1 nA depolarizing current pulses applied for up to 3 ms
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at 0.5 Hz. Once a stable baseline was achieved, 25 action potential sweeps were recorded. Clampfit 10.7 (Molecular Devices) was

used for analyses and the action potential parameters averaged (4 out of the 25 sweeps) for each hPSC-LV-CM.

QUANTIFICATION AND STATISTICAL ANALYSIS

Non-RNA-seq data
All data presented is representative of an n R 3 experiments. Sample sizes (n) represent biological replicates, i.e. independent cell

culture replicates from cells grown from different passages or individual tissue samples. All graphs are represented as mean ± stan-

dard error of mean (SEM). Where more than 3 points are shown in graphs, the number of recordings indicated represent the total

number cells analyzed from R three independent experiments. No statistical method was used to predetermine the samples size.

Randomization was performed throughout the study for imaging and was specifically employed also for mitochondrial size assess-

ment, sarcomere length measurement and for cellOPTIQ acquisition. Due to the nature of the study, the investigators were fully

blinded for most of the experiments’ data acquisition and for all analysis. Imaging of EHTswas partially blinded and imaging of mono-

layer cultures was not blinded, except when high throughput screening was used. Where possible the analysis was automatised.

Statistical significance was determined by using Student’s t test (unpaired, two-tailed) or One-way ANOVA in GraphPad Prism 9 soft-

ware. Results were considered significant at p < 0.05 and p values are indicated in the figures. Statistical significance of transcript

abundance was determined using a Wald test. Results are presented as adjusted p values from the DESeq2 analysis and were

considered significant at p < 0.05.

RNA-seq read alignment and quantification
Reads were processed using the publicly available nf-core rnseq pipeline v3.091 with the STAR/RSEM92,93 option against human

genome assembly GRCh38 and Ensembl release 95 transcript annotations to obtain gene-level abundance estimates.

Data exploration
Gene-level RSEM estimated counts and average transcripts lengths were imported into R 4.0.2 using the tximport function from the

tximport package.95 These were used to create a DESeqDataSet object for further analysis using the Bioconductor package

DESeq2.94 Data were normalised for differing library size using DESeq2’s default method, leveraging the average transcript length

information. Principal Components Analysis (PCA) was used to assess the relationship between gene expression across samples.

Data were first variance stabilised using DESeq2’s ‘‘vst’’ function to deal with the sampling variability of low counts, before submis-

sion to the PCAtools package’s ‘‘pca’’ function.96 Data were centered, but not scaled and all available genes were used. Sample

similarity was assessed using a Poisson dissimilarity matrix constructed from the un-corrected normalised counts of all samples us-

ing the ‘‘PoissonDistance’’ function from the PoiClaClu package.97

Differential expression
Differential gene expression analysis was assessed between all pairs of consecutive time-points using DESeq2’s Wald test, taking

heart specific effects into consideration (�heart+day). Independent Hypothesis Weighting (IHW)98 was used to control for the false-

discovery rate. Genes were called significant if they passed a combined filter of i) FDR<0.01, ii) fold change > +/�2 and iii) base-

mean >30 from the Wald test results. Significant genes from each comparison were combined for visualisation as a heatmap. Genes

differentially expressed across time-points were identified using DESeq2’s Likelihood Ratio Test (LRT), taking into consideration

heart-specific effects as part of the reduced design formula. (full = �heart+day, reduced = �heart). The top 2000 most significantly

changing genes were further clustered into groups of genes sharing similar expression patterns via the degPatterns function from the

DE-Greport Bioconductor package.99 Briefly, each gene’s score across replicate time groups was reduced to a mean before calcu-

lation of a pairwise gene-expression distancematrix based on a kendall correlation statistic. Divisive hierarchical clustering (diana) of

the distance matrix was used to identify gene clusters such that the variability between clusters was larger than within clusters. Clus-

ters containing fewer than contain fewer than 50 genes were not considered.

GO enrichment analysis
Gene lists were assessed for enrichment for Gene Ontology (GO) Biological Process (BP) terms using the Bioconductor package

clusterProfiler,100 using Entrez gene mappings against a background of the human genome. p values were adjusted for multiple cor-

rected using the Benjamini-Hochberg method and thresholded at q < 0.05. For the purposes of visualisation, the top 4most enriched

GO:BP categories from each gene list are presented.

Gene expression heatmaps
Heatmaps were generated using the variance stabilised data. Data were additionally scaled per gene using a Z score to aid visual-

isation. Columns (samples) and rows (genes) were each hierarchically clustered using a ‘‘complete’’ clustering method on a set of

Euclidean distances.
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