1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cell Stem Cell. Author manuscript; available in PMC 2021 July 02.

-, HHS Public Access
«

Published in final edited form as:
Cell Stem Cell. 2020 July 02; 27(1): 50-63.e5. doi:10.1016/j.stem.2020.06.001.

Wnt Activation and Reduced Cell-Cell Contact Synergistically
Induce Massive Expansion of Functional Human iPSC-derived
Cardiomyocytes

Jan W. Buikemal2*, Soah Leel”, William R. Goodyerl3# Renee G. Maas?#, Orlando
Chirikianl#, Guang Li%, Yi Miao®, Sharon L. Paigel-3, Daniel Leel, Haodi Wul, David T.
Paikl, Siyeon Rhee?, Lei Tianl, Francisco X. Galdos?, Nazan Pulucal, Benjamin
Beyersdorfl, James Hul, Aimee Beck!, Sneha Venkamatran?, Srilatha Swami®, Paul
Wijnker’, Maike Schuldt’, Larissa M. Dorsch’, Alain van Mil?, Kristy Red-Horsel4, Joy V.
Wub, Caroline Geisen®, Michael Hesse8, Vahid Serpooshan!?, Stefan Jovingel®11, Bernd
K. Fleischmann8, Pieter A. Doevendans?12, Jolanda van der Velden’, K. Christopher
Garcia®, Joseph C. Wul13.1415 jgost P.G. Sluijter?, Sean M. Wul:14.15.&

1Cardiovascular Institute, Stanford University School of Medicine, Stanford, CA 94305, USA
2Utrecht Regenerative Medicine Center, Circulatory Health Laboratory, University Utrecht,
Department of Cardiology, University Medical Center Utrecht, 3508 GA Utrecht, the Netherlands
3Division of Pediatric Cardiology, Department of Pediatrics, Stanford School of Medicine,
Stanford, CA 94305, USA “Department of Biology, Stanford University, Stanford, California 94305,
USA 5Department of Molecular and Cellular Physiology, Howard Hughes Medical Institute, and
Department of Structural Biology, Stanford University School of Medicine, Stanford, CA 94305,
USA ®Division of Endocrinology and Metabolism, Department of Medicine, Stanford University
School of Medicine, Stanford, CA 94305, USA “Amsterdam Cardiovascular Sciences, Department
of Physiology, Amsterdam University Medical Centers, Amsterdam, The Netherlands. 8Institute of
Physiology I, Life and Brain Center, Medical Faculty, University of Bonn, 53105 Bonn, Germany.
°Department of Biomedical Engineering, Emory University and Georgia Institute of Technology,
Atlanta, GA 30322, USA °DeVos Cardiovascular Research Program of Spectrum Health and Van
Andel Research Institute, 100 Michigan Street NE, Grand Rapids, MI, 49503, USA. IMichigan
State University, College of Human Medicine, 15 Michigan Street NE, Grand Rapids, MI, USA.
2Netherlands Heart Institute, Holland Heart House, 3511 EP Utrecht, the Netherlands

&Correspondence and Lead Contact: Sean M. Wu, MD, PhD, Lokey Stem Cell Building, Rm G1120A, 265 Campus Drive,
gtanford, CA 94305-5454, smwu@stanford.edu, Phone: 650-724-4498, Fax: 650-724-4689.

These authors contributed equally to this work accordingly to their positions.

These authors contributed equally to this work accordingly to their positions.
Author Contributions
JB, SL and SW conceived the study and wrote the manuscript. WG, RG and JS provided significant input on the experimental design.
JB, SL, SL, WG, OC, GL, YM, SP, DL, HW, DP, SR, LT, FG, NP, BB, JH, AB, SV, SW, PW, MS, LD, AM and CG performed
experiments. MR, JW, CG, MH, VS, SJ, BF, PD, JV, JS, CG and JW made critical revisions to the manuscript.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Declaration of Conflict of Interest
A provisional patent has been filed with the US Patent and Trademark Office regarding the effect of bioactive lipids plus Wnt
signaling activation on hiPSC-CM proliferation/expansion.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Buikema et al. Page 2

3Department of Radiology, Stanford University School of Medicine, Stanford, CA 94305 USA
Hnstitute for Stem Cell Biology and Regenerative Medicine, Stanford University School of
Medicine, Stanford, CA 94305 USA °Division of Cardiovascular Medicine, Department of
Medicine, Stanford University School of Medicine, Stanford, CA 94305 USA

Abstract

Modulating signaling pathways including Wnt and Hippo can induce cardiomyocyte proliferation
in vivo. Applying these signaling modulators to human induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CMs) /n vitro can expand CMs modestly (< 5-fold). Here, we demonstrate
massive expansion of hiPSC-CMs /n vitro (i.e. 100 to 250-fold) by glycogen synthase kinase-3f3
(GSK-3B) inhibition using CHIR99021 and concurrent removal of cell-cell contact. We show
GSK-3p inhibition suppresses CM maturation while contact removal prevents CMs from cell cycle
exit. Remarkably, contact removal enabled 10- to 25-times greater expansion beyond GSK-3p
inhibition alone. Mechanistically, persistent CM proliferation required both LEF/TCF activity and
AKT phosphorylation but was independent from Yes associated protein (YAP) signaling.
Engineered heart tissues from expanded hiPSC-CMs showed comparable contractility to those
from unexpanded hiPSC-CMs, demonstrating uncompromised cellular functionality after
expansion. In summary, we uncovered a molecular interplay that enables massive hiPSC-CMs
expansion for large-scale drug screening and tissue engineering applications.
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Deriving large number of hiPSC-cardiomyocytes would be beneficial for large-scale tissue
engineering and drug screening applications. Buikema et al. show that GSK3p inhibition
combined with removal of cell-cell contact enables massive expansion of hiPSC-cardiomyocytes
with comparable function to non-expanded cells.
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Introduction

Adult mammalian heart has limited capacity for regeneration. Cardiac injuries such as
myocardial infarction lead to significant cardiomyocyte (CM) loss and subsequent heart
failure with significant morbidity and mortality. Cell-based therapeutic approaches such as
injection of stem cell-derived cells or transplantation of engineered cardiac tissue patches
have shown promise to re-muscularize the damaged myocardium and enhance cardiac
functions (Chong et al., 2014; Grego-Bessa et al., 2007; Liu et al., 2018; Ogle et al., 2016;
Senyo et al., 2014; Shiba et al., 2016). Since the myocardium is densely packed with CMs,
cell-based therapy requires introductions of billions of human CMs (Chong et al., 2014; Liu
etal., 2018). In principle, pluripotent stem cells provide an unlimited supply of human CMs,
however, in practice the generation of therapeutically relevant number of human CMs still
remains an extremely labor-and time-intensive process, despite robust and highly efficient
directed differentiation protocols.

To overcome this hurdle, several studies have focused on identifying molecules for
promoting proliferation of differentiated CMs from pluripotent stem cells (PSCs) (Mills et
al., 2019; Sharma et al., 2018; Titmarsh et al., 2016; Uosaki et al., 2013). However, when
these molecules were applied to induce expansion of human PSC-derived CMs /n vitro, the
extent of proliferation has generally been modest (3- to 5-fold), which limits the use of these
cells for cell-based therapeutic applications.

This modest extent of proliferation /n7 vitro may result from contact inhibition of
proliferation, which is a natural regulatory process of normal tissue morphogenesis,
homeostasis, and regeneration. Contact inhibition of proliferation has been well-described in
many cell types other than cardiomyocytes including epithelial cells and endothelial cells
(Grazia Lampugnani et al., 2003; Kim and Asthagiri, 2011; Puliafito et al., 2012), where cell
proliferation is cell-density dependent. When human induced pluripotent stem cells (hiPSCs)
undergo directed cardiac specification and differentiation /in vitro, the differentiated CMs
become fully confluent in a dish. It is in this densely-packed cardiomyocytes condition that
screening of mitogen candidates have been performed (Mills et al., 2017, 2019; Sharma et
al., 2015; Titmarsh et al., 2016). Hence, we asked whether the removal of contact inhibition
would further promote hiPSC-CM proliferation beyond that achieved in the presence of
mitogen. In fact, our previous studiy on compensation of experimentally-ablated CM loss in
the fetal heart by residual unablated CMs and another study on targeted disruption of cell-
cell contacts in the mouse heart show evidence of cell cycle re-entry and enhanced CM
proliferation /n vivo (Li et al., 2015; Sturzu et al., 2015). Therefore, we hypothesize that
combined inhibition of cell-cell contacts and treatment with CM mitogen would enable
continuous CM proliferation and expansion.
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Here, we demonstrate the ability to massively expand functional hiPSC-CMs by continuous
treatment of GSK-3i inhibitor CHIR-99021and concomitant removal of cell-cell contact.
We chose CHIR-99021 (CHIR) as the hiPSC-CM mitogen because several studies have
previously demonstrated that it was the most potent CM mitogen /n vitro (Mills et al., 2017,
2019; Sharma et al., 2018; Titmarsh et al., 2016). We show that hiPSC-CMs exhibit contact-
mediated inhibition of proliferation, indicating that the removal of cell-cell contacts is
essential to enable the maintenance of their proliferative capacity through continuous
passaging. We show that the withdrawal of CHIR or treatment with C59, a small molecule
Whnt antagonist, result in rapid cell-cycle exit and restoration of mature contractile,
electrophysiological, and cellular characteristics. Further mechanistic studies identified the
role of canonical Wnt signal via LEF/TCF to delay hiPSC-CM maturation, and the
stimulatory role of AKT T308 and HSP27 phosphorylation in enhancing hiPSC-CM
proliferation by increasing cell cycle activity. Lastly, we demonstrate that the expanded
hiPSC-CMs exhibit fully differentiated and contractile phenotype as the unexpanded hiPSC-
CMs and are therefore an excellent cell source for the mass production of engineered heart
tissues. Together, these studies reveal a robust method, the mechanistic explanation, and a
proof-of-principle demonstration of a translational approach to achieve massive hiPSC-CM
expansion (>1 billion) needed for future cardiac regenerative strategies in patients with
cardiomyopathy or congenital heart defects.

Glycogen synthase kinase-3p (GSK-3g) inhibition promotes hiPSC-CM proliferation in a
cell-density dependent manner through direct cell-cell contact

Previous studies have shown CHIR-mediated GSK-3p inhibition leads to cardiomyocyte
proliferation in mouse fetal heart, embryonic stem cell-derived cardiomyocytes (Buikema et
al., 2013a, 2013b) and hiPSC-CM (Mills et al., 2017; Sharma et al., 2018). Despite the
known role of GSK-3 inhibitor as a mitogen, the extent of cardiomyocyte proliferation has
been reported to be modest (< 3- to 5-fold increase in total cell number) (Mills et al., 2017
Sharma et al., 2018) and were all performed in densely-plated cell cultures. We investigated
whether disruption of cell-cell contact by low-density passaging would further promote
hiPSC-CM proliferation. iPSC lines from healthy individuals were differentiated into
cardiomyocytes using small molecule-based Wnt-modulated protocol (Figure 1A) (Lian et
al., 2012, 2013). The differentiating cells displayed stage-specific gene expression for
pluripotent stem cells (NANOG), mesoderm (MESP1) and cardiac progenitor cells (Isl1)
before committing to the cardiomyogenic lineage (Figure S1A-B). When hiPSC-CMs were
passaged at low-density, the total cell number increased by 8-, 8-, and 4-folds at each
passage, resulting overall in a 241-fold increase in hiPSC-CM number (Figure 1B). In
contrast, the fold-change in cell number in densely passaged group and w/o passaging group
remained comparable, and at the end of three passages or 3 weeks, the number increase was
~10-fold (Figure 1B). The CM number increase with low-density passage was supported by
their increase in cell cycle activity (Figure 1C-F) compared with densely passaged or un-
passaged CMs assessed by cell cycle marker Ki67 (Figure 1C-D). Moreover, fraction of
mitotic CMs was at 1% without passaging and remained at 1% upon passaging at high cell
density, but it was only when CMs were passaged at low-density that led to significant
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increase in mitotic CM fraction up to 10% (Figure 1E—F). This indicates that the
maintenance of low cell density is necessary to sustain active cell cycle activity in CMs.
Taken together, we demonstrate that massive expansion of hiPSC-CMs can be achieved
through sparse passaging in the presence of CHIR.

We then asked whether hiPSC-CMs at high cell density inhibit CM proliferation and induce
cell cycle exit by their secretion of anti-proliferative paracrine factors (Figure 1G). We did
not find any significant changes in the proportion of Ki67-expressing hiPSC-CMs between
different conditioned media treatment groups (Figure 1H-I). Next, we examined whether the
presence of cell-cell contact induces cell cycle exit in hiPSC-CMs (Figure 1J). Interestingly,
densely plated hiPSC-CMs significantly down-regulated Ki67 and pHH3, suggesting that
cell-cell contact inhibits cell cycle activity in hiPSC-CMs (Figure 1K-N). Taken together,
we demonstrate here that cell-cell contact is a major barrier to hiPSC-CM proliferation and
that prevention of cell-cell contact is critical to maintain CHIR-induced cardiomyocyte
proliferation.

Glycogen synthase kinase-3g inhibition and low-density passaging result in massive
expansion of beating hiPSC-CMs

To determine the maximum extent of hiPSC-CMs expansion through combined GSK-3
inhibition and low-density passaging, we treated hiPSC-CMs continuously with or without
2.0 UM CHIR (CHIR vs. CTR), and serially passaged at low-density (Figure 2A).
Remarkably, in the presence of CHIR, the beating hiPSC-CMs continue to divide without
notable cell death (Figure S1C) and can be passaged up to 4-5 times over 60+ days (Figure
2B-D). Control dimethyl-sulfoxide (DMSO)-treated hiPSC-CMs cease to proliferate after
the first or second passage (Figure 2B-D). Interestingly, despite the capacity for continuous
cell division in the presence of CHIR, these hiPSC-CMs remain capable of spontaneous
beating (Supplementary Movie 1). Typically, ~2 million hiPSC-CMs (e.g. 1 well in a 6-well
plate) at day 12 of differentiation generate 300-900 million hiPSC-CMs (Figure 2E). In
addition, the expansion capacity was reproducible in CMs from 4 different iPSC lines
(CVI-111, CVI 113, CVI 202 and CVI 273) (Figure 2F). Moreover, no significant difference
in expansion capacity was observed among the same batch of day 12 CVI-111 hiPSC-CMs
that were either cryopreserved or used directly (Figure S1D). In total, continuous treatment
of day 12 hiPSC-CMs with CHIR for >30 days resulted in 100 to 250-fold increase in total
CM number when compared to CTR hiPSC-CMs at similar time points (Figure 2G-H).
Furthermore, CHIR-treatment appeared to maintain, if not slightly enrich, CM purity as
opposed to control DMSO-treated hiPSC-CMs which decreased CM purity with each
passage (Figure 21-J), most likely due to over-growth of non-myocytes. To examine the
progression of cell cycle activity of CHIR-treated hiPSC-CMs over multiple passaging, the
percentage of troponin T (TnT) positive hiPSC-CMs that express the cell cycle marker Ki67
was assessed at each passage after treatment with CHIR or DMSO (CTR) (Figure S1E).
Interestingly, while CTR hiPSC-CMs showed a rapid decline in their expression of Ki67
with each passage where only a small number of proliferative cells can be observed after
passage 2 (P2), CHIR-treatment with low-density passaging resulted in significant (P =
4.42E-05) extension (up to 5 passages) of the presence of proliferating cells. Moreover, we
found that CHIR-treated hiPSC-CMs indeed proceed through each stage of the cell cycle,
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undergo cytokinesis and remain more mono-nucleated (Figure 2K—M and S1F-1I).
Furthermore, our immunostaining data suggests that hiPSC-CMs disassemble their aligned
sarcomeres during active mitosis, suggesting the diminution or absence of active hiPSC-CM
beating during the mitotic phase of cell division (Figure 2K—-M). Collectively, these data
support the ability of GSK-3i1 inhibition and contact removal via serial passaging to
maintain hiPSC-CM proliferation.

Single-cell phenotypic assessment of hiPSC-CMs following CHIR treatment

CM maturation is accompanied by formation of highly structured sarcomere, bi- or multi-
nucleation, and cell cycle exit (Bassat et al., 2017; Bersell et al., 2009; Senyo et al., 2014;
Uygur and Lee, 2016). The observed massive expansion of beating hiPSC-CMs following
GSK-3p inhibition and low-density plating (Figure 2) raises the possibility that besides cell-
cell contact inhibition (Figure 1), prevention of maturation may also in part explain their
retained capacity to proliferate. Patterned CHIR-treated single CM that is undergoing mitotic
cell division marked by pHH3, exhibited complete sarcomere disassembly (Figure 3A).
Moreover, control (CTR) hiPSC-CMs demonstrated highly organized and aligned
sarcomeres, while CHIR-treated hiPSC-CMs on micropatterns exhibited markedly reduced
alignment and organization of sarcomeres (Figure 3A-B). Quantification of z-disc-registered
sarcomeric a-actinin confirmed the observed sarcomere disorganization in CHIR-treated
hiPSC-CMs (Figure 3C-D). Interestingly, when the Wnt inhibitor C59 was added to cells
that had previously expanded with CHIR treatment (CHIR>C59), these cells improved their
sarcomeric organization (Figure 3B-D). This supports the reversibility of GSK-3p inhibition
signaling effects on hiPSC-CMs. Imaging-based assessment of contractile properties of CTR
and CHIR-treated hiPSC-CMs demonstrated a decrease in force generation with CHIR
treatment (Figure 3E and Supplementary Movie 2-4) that recovered upon replacing CHIR
with C59 or after the withdrawal of CHIR (data not shown). Additional single-cell calcium
studies of age-matched CTR- and CHIR-treated and CHIR withdrawn hiPSC-CMs showed
no difference in their spontaneous action potentials, calcium transients, beating frequency
nor amplitude (Figure 3F-H).

Real-time quantitative PCR analysis revealed CHIR-treated hiPSC-CMs downregulate
markers associated with cardiomyocyte maturation (MYL2, TNNI3, MYOM2), excitation
(GJAL), contractility (RYR2) and metabolism (COX6A2, CKMT) compared to those treated
with DMSO or C59, supporting maturation arrest phenotype at transcriptional level (Figure
31-K).

To further characterize global transcriptional changes in individual hiPSC-CMs in response
to GSK-3p inhibition, we performed single-cell RNA sequencing in day 12 hiPSC-CMs
treated for 24 hours with either DMSO (CTR), CHIR (4.0 uM), or C59 (4.0 uM) (Figure
3L). We captured a total of 8,381 cells and performed 93,552 mean reads per cell resulting
in a median of 1,297 genes analyzed per cell. Unsupervised analysis revealed 5 cell
populations characterized as non-proliferative and proliferative ventricular CMs, non-
proliferative and proliferative atrial CMs and fibroblast, present in all 3 treatment samples
(Figure S2A-D). We found that Whnt target genes such as AXIN2 and LEF1 were
upregulated in almost all cells treated with CHIR (Figure 3M). Furthermore, mature cardiac
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genes were dramatically downregulated in CHIR-treated hiPSC-CMs and conversely
correlated with the up-regulation of Wnt signaling target genes (Figure 3N). Interestingly,
CHIR treatment resulted in a larger subset of proliferative and immature atrial and
ventricular-like hiPSC-CMs (Figure 30-P and Figure S2E). Importantly, GSK-3f inhibition
did not result in increased expression of the cardiac progenitor markers such as CKIT, ISL1
or MESP1/2 (Figure S2F), suggesting that expansion of functional hiPSC-CM with CHIR
does not lead to expansion of a rare population of residual cardiac mesoderm or second-
heart-field progenitor cells (Wu et al., 2008). Furthermore, expression of key cardiac
transcription factors such as GATA4, TBX5, MEF2C and NKX2.5 (leda et al., 2010), did
not alter significantly in hiPSC-CMs treated with CHIR versus CTR and C59 (Figure S2G).
Overall, these data strongly support the inhibition of hiPSC-CM maturation by CHIR/
GSK-3p inhibition, a phenomenon that has also been observed in second heart field-derived
cardiac progenitor cells and other cell types (Sato et al., 2004; Yin et al., 2014).

YAP activity is uncoupled from cell density-dependent CHIR-induced hiPSC-CM
proliferation.

The Hippo signaling pathway has been shown to regulate heart growth and Wnt signaling-
mediated cardiomyocyte proliferation (Heallen et al., 2011). Hippo pathway consists of a
core kinase cascade that modulates activity of transcriptional co-activator, yes-associated
protein (YAP), which is one of the major nuclear effectors of Hippo pathway. Previous
studies have shown that overexpression of active YAP is sufficient to induce cardiomyocyte
proliferation (Bassat et al., 2017; von Gise et al., 2012; Lin et al., 2015). We examined
whether YAP is responsible for density-dependent proliferation of CHIR-treated hiPSC-
CMs. Immunostaining of YAP revealed that ratio of nuclear to cytoplasmic YAP increases
when hiPSC-CMs are sparsely plated (Figure 4A-B). Given the positive correlation between
nuclear YAP translocation and cardiomyocyte proliferation (Figure 1K-N, 4A-B), we next
asked whether this increase in YAP nuclear translocation results from mechanosensing of
stiffness. Since densely-packed hiPSC-CMs would sense their microenvironment to be softer
than sparsely-plated hiPSC-CMs that are cultured directly over tissue culture plastic, we
addressed whether substrate stiffness could alter the proliferation of hiPSC-CMs via YAP
activity (Figure 4C). Interestingly, we found no difference in the fraction of Ki67+ CMs with
changing substrate stiffness (Figure 4D-E), despite a significant increase in nuclear
translocation of YAP when hiPSC-CMs were cultured on stiff hydrogel (60 kPa) or rigid
plastic (Figure 4F-G). In line with this finding, reduced YAP nuclear translocation via
treatment of verteporfin (Figure 4H-1), an inhibitor of YAP nuclear translocation, did not
lead to a reduction in hiPSC-CM proliferation (Figure 4J-K). In summary, these data
demonstrate an uncoupling of CHIR and cell-cell contact regulated hiPSC-CM proliferation
from nuclear YAP activity.

Mechanistic analysis of GSK-3p inhibition and low-density culture on hiPSC-CM
proliferation reveals an interplay between canonical Wnt and AKT signaling

To further elucidate the underlying molecular mechanisms, we first examined whether CHIR
acts downstream of Wnt ligand binding to its receptor Frizzled and co-receptor low-density
lipoprotein receptor 5/6 (LRP 5/6) (Nusse and Clevers, 2017). We found that a panel of Wnt
ligands (i.e. canonical Wnt agonist Wnt3A and a previously described Wnt surrogate ligand
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scFv-DKK1c (Janda et al., 2017; Yan et al., 2017) in combination with R-Spondin (RSPO))
robustly mediated immature hiPSC-CM expansion comparable to CHIR-treatment,
suggesting CHIR acts downstream of Wnt ligand activity (Figure S3A-G).

Since GSK-3p is known to be involved in multiple cellular processes beyond canonical Wnt
signaling modulation (Beurel et al., 2015) and we show here that cell contact is a potent
inhibitor of hiPSC-CM proliferation, we sought to examine whether a p-catenin-independent
mechanism is involved in hiPSC-CM proliferation. Interestingly, we found that while CHIR-
induced activation of the TCF/LEF luciferase reporter was completely abolished in the
presence of PNU74654, a specific TCF/LEF B-catenin signaling blocker (Trosset et al.,
2006) (Figure 5A), the CHIR-mediated hiPSC-CM proliferation decreased only by ~50%
(Figure 5B). This suggests that a p-catenin-independent mechanism contributes to roughly
half of the proliferative activity observed with CHIR treatment. We confirmed, by real time
quantitative PCR, the induction of Wnt signaling target gene expression (e.g. Axin2, LEF,
and CCND?2) following CHIR treatment in hiPSC-CMs and the ability of PNU74654
treatment to abolish this increase (Figure 5C). We also show that the expression of markers
of hiPSC-CM maturation (MYL2, MYH7, MYOM1) were down-regulated by CHIR
treatment and recovered fully upon the co-treatment with PNU746554 (Figure 5C). These
results demonstrate that B-catenin-mediated canonical Wnt signaling prevents hiPSC-CM
maturation and is responsible for roughly 50% of the observed CHIR-induced expansion of
hiPSC-CMs.

To identify the B-catenin-independent process that accounts for the low density plus CHIR-
mediated hiPSC-CM proliferation, we screened a library of 43 kinases with known functions
(Figure 5D and S4A) and found a significant upregulation of AKT1/2/3 phosphorylation at
residue T308 (Figure 5D), a residue that is required for AKT activation and cell division
(Liu et al., 2014). In addition, we found an increased phosphorylation of HSP27, an AKT
binding protein, as well as p70S6K, a downstream AKT target (Figure 5D) (Conejo et al.,
2002; Song et al., 2005). Using an antibody directed against the T308 residues of
phosphorylated AKT (pAKT), we confirmed by western blotting that the active (i.e.
phosphorylated) form of AKT is rapidly increased following CHIR treatment at low cell
density (Figure 5E-F). Immunostaining of day 12 hiPSC-CMs revealed that T308 pAKT
was abundantly expressed in the cytoplasm of mitotic hiPSC-CMs in the CHIR-treated
group (Figure 5G and S4B).

Next, we assessed the contribution of T308 pAKT in hiPSC-CM proliferation by using a
previously described highly selective AKT phosphorylation inhibitor MK2206 (Lindsley et
al., 2007). When co-treated with MK2206, CHIR and low density-induced hiPSC-CM
proliferation decreased by ~50% compared with CHIR treatment alone and pAKT
expression reduced (Figure 5G-I). Furthermore, we found while MK2206 treatment inhibits
AKT T308 phosphorylation (Figure 51), it does not affect downstream wi-catenin signaling,
as assessed by the LEF/TCF luciferase reporter (Figure 5J), nor does it alter the expression
of genes associated with CM maturation or Wnt signaling (Figure 5K). These data reveal the
presence of B-catenin-independent signaling that target downstream effects of GSK-3t
inhibition and low cell density via activation of AKT signaling to induce hiPSC-CM
proliferation (Figure 5L). (PI3K)-AKT pathway is a well-known regulator of Cyclin D2
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protein stabilization and cell-cycle progression (Mirzaa et al., 2014). Interestingly, the
addition of MK2206 (AKT inhibitor) or PNU74654 (LEF/TCF inhibitor) reduced amounts
of Cyclin D2 positive hiPSC-CMs (Figure 5SMN), indicating that Cyclin D2 activity
integrates the contribution by p-catenin signaling and AKT phosphorylation to overall
hiPSC-CM proliferation. Previously, Type D cyclins were reported to assemble with Cyclin-
dependent-kinases 4/6 (CDK4/6) and form enzymatically active holoenzyme complexes to
propel cell cycle progression (Sherr et al., 2016). To address whether CDK4/6 also play an
integrative role in CHIR and low cell density-mediate proliferation, CHIR-treated, sparse
hiPSC-CMs were treated with palbociclib, a potent small molecular inhibitor of CDK4/6,
and shown mitosis was nearly completely abrogated (Figure 50-P). Taken together, these
data demonstrate that GSK-3p inhibition and concomitant cell contact removal induce a
molecular interplay to enhance LEF/TCF activity via canonical p-catenin signaling and
activate AKT phosphorylation at T308 to enhance Cyclin D2 activity and promote hiPSC-
CM proliferation.

Long-term GSK-3p inhibition does not preclude terminal differentiation and maturation of
expanded hiPSC-CMs and their capacity to form functional cardiac tissue

Given the diverse role for GSK-3p signaling to regulate cell lineage commitment and
differentiation, a prolonged exposure to CHIR raises concerns regarding possibilities of
hiPSCCM phenotype conversion or oncogenic transformation that prevent them from
appropriate maturation following expansion, a finding that would significantly hamper their
use for tissue engineering applications or regenerative approaches. To address this, we
expanded hiPSC-CMs for 4 serial passages in continuous presence of CHIR followed by its
withdrawal from the culture media for several weeks. When compared to age-matched
controls, previously long-term expanded cells had phenotypically recovered to normal as
assessed by immunohistochemistry for a-sarcomeric actinin and real-time PCR for several
mature sarcomeric and ion channel genes (Figure 6A-B). Next, as a functional proof-of-
principle, we created engineered heart tissues from P4 CHIR expanded hiPSC-CMs and age-
matched non-expanded CMs (Figure 6C). Mass-produced (Figure 6D) engineered heart
tissues from expanded hiPSC-CMs exhibited normal sarcomere alignment and fully
functional integration when applied in engineered heart tissues (Figure 6E). Moreover, mass
produced engineered heart tissues from multiple hiPSC lines (CVI-111 and CV1-273) have
comparable or slightly enhanced functional properties when compared to those generated
from age-matched unexpanded control cells (Figure 6F and Supplementary Movie 5 and 6).

The proliferative response of hiPSC-CMs to GSK-3p inhibition raises the possibility that
CHIR may act to stimulation cell division in proliferation-competent CMs when applied the
late embryonic or postnatal heart /77 vivo. To investigate this, pregnant mice at E16.5 was
treated with a once daily injection of CHIR or DMSO carrier (CTR) for 4 consecutive days,
followed by harvesting. Interestingly, at E20.5 CHIR-treated embryos contained 1.8-fold
increase in mitotic CMs when compared to the embryos treated with DMSO control (Figure
S5A-C). Analysis of individual cell size revealed no difference in the size of single CMs in
hearts from CHIR-administered mice compared to those treated with DMSO (Figure S5D—
E). These data suggest the potential for residual hyperplasia of CMs during late gestation
with GSK-3 inhibition, despite substantially attenuated proliferative effect compared to /n
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vitro CHIR-treated hiPSC-CMs. Furthermore, GSK-3u inhibition with daily CHIR
injections for 6 consecutive days in postnatal mice (P10) did not result in increased
myocardial growth when compared to controls (Figure S5F-G). These data support the
progressive decline in proliferative capacity of embryonic CMs /n vivo and the likely
inhibitory effects of cell-cell contact that prevents significant CM expansion upon /1 vivo
GSK-3p inhibition.

Discussion

A major goal of cardiac regenerative medicine is the restoration of functional cardiac tissue
in damaged or defected hearts. Identification of a strategy to stimulate proliferation of
preexisting CMs would allow for repairing failing hearts induced by CM loss and generating
patient-specific, engineered heart tissue for regenerative therapy or drug screening
applications. Here, we achieved massive expansion of functional hiPSC-CMs /n vitro
through concomitant GSK-3f inhibition and removal of cell-cell contact. While we and
others have previously demonstrated the ability of canonical Wnt signaling activation or
direct GSK-3p inhibition to transiently expand mouse and human PSC-CMs in vitro, the
extent remained modest (<10-fold) (Buikema et al., 2013b; Mills et al., 2019; Sharma et al.,
2018; Titmarsh et al., 2016; Uosaki et al., 2013). In this study, we show that direct cell-cell
contact is a major inhibitor for continuous CM proliferation, and the modest expansion of
hiPSC-CMs by GSK-3 inhibition alone can be overcome by removal of cell-cell contact
following multiple passages, which can cumulatively result in a 250-fold expansion (Figure
1 and 2). Mechanistically, we demonstrate that GSK-3p inhibition suppresses CM
maturation via LEF/TCF activity, while concomitant removal of cell-cell contact stimulates
the cell cycle activation by AKT T308 phosphorylation (Figure 3 and 5). The combined
CHIR treatment with low density hiPSC-CM culture allowed for continuous cell cycle
activation and CM proliferation, independent from upregulation of YAP activity (Figure 1
and 4). These findings support the role of Wnt/ p-catenin signaling in suppressing hiPSC-
CM maturation and uncover a role of cell-cell contact in inhibiting CM proliferation. As a
proof-of-concept, we show the feasibility of using hiPSC-CMs expanded by the presented
method for mass production of engineered heart tissues (Figure 6). We believe the ability to
generate hiPSC-CMs at this scale will greatly facilitate /n vitro disease modeling, high
throughput drug screening and /n vivo tissue engineering applications. In summary, we
demonstrate massive expansion of human cardiomyocytes /n vitro by simultaneously
“removing brakes and pushing accelerators” (He and Zhou, 2017).

Our finding here complements the recent studies demonstrating the generation of a large
number of cardiac cells for regenerative applications with noted differences. First, this study
reveals an important finding that mitotic cardiomyocytes quickly lose proliferation capacity
via juxtacrine signaling (Figure 1), highlighting the importance of removal of cell-cell
contact. Contact inhibition of cell proliferation is an essential regulatory process to control
tissue growth during embryonic development and tissue homeostasis, and is known to be
dysregulated in uncontrolled tumor growth (Kim et al., 2011). Historically for continuous
cell growth upon reaching high cell confluence, reducing cell density and removing contact
inhibition have been standard /n vitro cell culture procedure, also known as passaging.
However, passaging of hiPSC-CMs has not been possible because passaging alone leads to
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expanding only nonmyocytes (Figure 2F and 2H). We show a remarkable role of CHIR in
delaying hiPSC-CM maturation and widening their mitotic window to enable continuous
CM passaging and expansion (Figure 2 and 3). In addition, this study represents a unique
strategy to generate a massive amount of CMs from differentiated CMs. Earlier studies have
shown to produce cardiovascular progenitor cells using growth factor combinations during
hiPSC differentiation or small molecules plus overexpression of reprogramming factor for
direct lineage conversion into cardiovascular progenitors (Birket et al., 2015; Zhang et al.,
2016). Given the mix population of the differentiated progeny of multipotent cardiovascular
progenitors, this strategy to generate a massive amount of pure hiPSC-CMs provides a
unique opportunity. For example, ~10 billion hiPSC-CMs (the total estimated number of
CMs in an adult heart) with >95% purity can be prepared from two 6-wells plate of day 12
hiPSC-CMs. Mechanistically, none of previous studies that demonstrated the ability of
GSK-3p inhibition and Wnt signaling to induce CM division (Buikema et al., 2013b;
Heallen et al., 2011; Kerkela et al., 2008; Titmarsh et al., 2016; Tseng et al., 2006; Uosaki et
al., 2013), has reported that canonical Wnt signaling activation via GSK-3f inhibition
prevents CM maturation and extends the proliferative window of immature CMs (Figure 2
and 5). Furthermore, we report CHIR/low density-induced hiPSC-CM proliferation is
independent from YAP activity (Figure 4), which was previously shown to be sufficient for
promoting cardiomyocyte proliferation mediated by B-catenin (Heallen et al., 2011; Mills et
al., 2017). Since B-catenin was a required mediator of Hippo signaling to induce
cardiomyocyte proliferation and cardiomegaly (Heallen et al., 2011), CHIR treatment may
have overwritten the effect of YAP modulation, thereby revealing a YAP-independent effect
of contact inhibition. Further study is being actively conducted to further elucidate the
underlying molecular mechanisms.

One concern associated with massively expanding CMs is the possibility of their oncogenic
transformation. We demonstrate that after the withdrawal of CHIR, hiPSC-CMs can mature
normally and display a similar degree of sarcomere organization, electrophysiological
response, and force generation as control hiPSC-CMs that were withheld from GSK-3p
inhibition (Figure 3 and Figure 6). Gene expression analysis showed an increase in most
sarcomere and ion-channel gene expression upon withdrawal of GSK-3p inhibition (Figure
3). Furthermore, we observed that proliferating hiPSC-CMs are mostly mononucleated
(Figure 2 and 3) and that after withdrawal of CHIR, the number of binucleated CMs
increased while the fraction of cell-cycle-entered hiPSC-CMs decreased (Figure SIH-I).
Our single-cell RNA sequencing data also supports the maintenance of the immature state of
hiPSC-CMs by Wnt signaling pathway activation as a mean to extend their proliferative
window, leading to a moderate level of increase in the expression of cell cycle proteins
compared with untreated hiPSC-CMs (Figure 3 and 5 and S2). Taken together, this confirms
that GSK-3p inhibition in immature hiPSC-CMs serves to increase proliferation by arresting
these cells from their normal maturation process and not by driving these beating CMs into
an alternative fate that is more proliferative, as with overexpression of cell cycle genes,
which should minimize the potential for oncogenic transformation.

Finally, one of the most promising therapeutic strategies to treat ischemic heart failure is to
generate new CMs in an injured myocardium. Our /n7 vivo studies indicate CHIR treatment
during late gestation results in significantly more mitotic CMs, while this effect was not
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found 10 days after birth (Figure S5). This indicates that GSK-3p inhibition alone is not
sufficient for cardiac regeneration in the postnatal and adult phases. Nevertheless, these
findings point to the potential for residual hyperplasia of CMs during late gestation with Wnt
stimulation as a therapy for certain forms of congenital heart disease such as hypoplastic left
heart syndrome since a recent in-depth study indicates dysregulation of Wnt signaling as one
of the contributors to impaired growth (Liu et al., 2017).

Study Limitations

Summary

Some limitations should be considered when interpreting the results of this study. First,
while we observed a strong expansion capacity of day 12 hiPSC-CMs, this capacity is not
unlimited. This suggests that additional factors contribute to the proliferative decline of
hiPSCCM with maturation. In line with this finding we found that late gestational but not
postnatal administration of CHIR is able to increase in vivo cardiomyocyte proliferation.
Second, our mechanics studies focused on the inhibition of GSK-3p signaling to stimulate
hiPSC-CM proliferation. While we identified the powerful negative effect of cell-cell contact
on hiPSC-CM proliferation, the precise molecular mechanism of this effect remains
unknown. Whether the engagement of cell surface molecules between two adjacent cells
leads to a change in downstream signaling event that suppresses hiPSC-CM proliferation
will require further investigation.

We demonstrated a strategy for the massive expansion of beating hiPSC-CMs with
simultaneous GSK-3p inhibition and low cell density culture that ultimately generated a
250-fold increase in the number of hiPSC-CMs, which is suitable for multiple translational/
regenerative applications. Furthermore, the /n vivo control of late gestational CM
proliferation may lead to promising regenerative strategies for treating patients with
congenital heart defects.

STAR*METHODS

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Sean M. Wu, smwu@stanford.edu.

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability—The single cell RNA sequencing datasets that were
generated for this manuscript are available under the GEO accession humber: GSE148586.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture—Four previously established hiPSC lines (SCVI-111, Sendai virus
reprogrammed, peripheral blood mononuclear cells (PBMCs), male; SCVI-113, Sendai virus
reprogrammed, PBMCs, male; SCVI1-202 Sendai virus reprogrammed, PBMCs, female;
SCVI-273, Sendai virus reprogrammed, PBMCs, female (Matsa et al., 2016)) were
maintained in DMEM/F12 (ThermoFisher) supplemented with the essential eight (E8)
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(Thermo Fisher) growth factors in a Matrigel (Corning) coated (1:400 for 24h) polystyrene
2D culture system. Upon 80-90% confluency, cells were dissociated in PBS with 0.5mM
EDTA for 5-10 minutes at 37 °C. Dissociation was performed with gentle trituration to
obtain small aggregates of undifferentiated hiPSCs. Passaging was performed in 1:15-20
splitting ratios or 10,000 cells per cm? to achieve low density and reach full confluency
within 4-5 days. For the first 24h after replating, 108M of ROCK inhibitor Y-27632 was
included in the hiPSC maintenance media. hiPSC-CM differentiation was performed using
the previously described canonical Wnt stimulation and inhibition protocol (Lian et al.,
2013) in RPMI 1640-based differentiation media supplemented with B27 minus insulin
(Invitrogen). Between day 0-2, a gradient of CHIR99021 (Seleckchem) concentrations (3.0,
4.0, 5.0, 6.0, 7.0, 8.0 uM) was used. Between day 3-5, Wnt-C59 (2.0 uM) (Selleckchem)
was added to the differentiation media. At day 7, B27 with insulin was added to the
differentiation media. At day 11, wells that contain more than 80% beating cells were treated
with TrypLE Select Enzyme 10X (Invitrogen) at 37 °C for 10-40 minutes. Gentle rocking
was performed every 10 minutes. Preparations of single dissociated cells were generated
with very gentle trituration and transferred to a 15 mL conical tube containing a wash buffer
(PBS with 20% FBS). Cells were gently centrifuged at 1000 RPM for 3 minutes and
immediately replated in 1:10 to 1:15 split ratios in RPMI 1640 + B27 1x with 10% Knock
Out Serum Replacement (Gibco) and Thiazovivin 1.0 uM (Selleckchem). At day 12, hiPSC-
CMs were further expanded for downstream assays in RPMI 1640 + B27 1x differentiation
media supplemented with 2.0 to 4.0 uM CHIR99021 (Selleckchem). For the first 24h after
passaging, 10% Knock Out Replacement Serum and Thiozovivin 1.0 uM were added to the
differentiation media.

Generation of eGFP-anillin* expressing hiPSCs—The previously described eGFP-
anillin expression cassette (Hesse et al., 2012) was inserted into the AAV-CAGGS vector
(Addgene #22212). hiPSCs (iLB-C1-30m-r12), kindly provided by Dr. O. Brdistle (Univ. of
Bonn), were co-transfected (NEONTransfection, Invitrogen) with the AAV-CAGGS-eGFP-
anillin vector, the hAAVS1 1L TALEN vector (Addgene #35431) and the hAAVS1 1R
TALEN vector (Addgene, #35432) for targeted integration into the AAVSL1 locus and several
independent eGFP-anillin expressing hiPSC lines were generated. Targeted integration into
the AAVS1 locus was proven by a PCR strategy, copy numbers were determined by qPCR.
The eGFP-anillin* expressing hiPSC line used was shown to have one specific AAVS1
integration and one random integration site without known functional consequence.

METHOD DETAILS

Contact inhibition study—~For high cell-cell contact condition (i.e. dense), hiPSC-CMs
were either left unpassaged or passaged without splitting, while for low cell-cell contact
condition (i.e. sparse), the cells were passaged at 1:10 — 1:15 splitting ratio, depending on
cell confluency of the original well. To examine paracrine effect, the conditioned media was
collected from densely plated hiPSC-CMs, concentrated using Pierce™ protein concentrator
(3K MWCO; Thermoscientific 88512). The concentrated factors were diluted with fresh
expansion media (B27 + CHIR) at different ratios (1x, 0.1x, 0.01x), then given to sparsely
plated hiPSC-CMs. To examine direct cell-cell contact effect, 100,000 hiPSC-CMs were
plated in small surface area (i.e. 48-well-plate) to induce dense culture, while the same
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number of cells were plated in large surface (i.e. 6-well-plate) for sparse condition. For
immunostaining, cells were fixed at 4% paraformaldehyde for 15 min at room temperature,
washed three times with washing buffer (0.1% Tween-20/PBS), permeabilized and blocked
with blocking buffer (3% bovine serum albumin/2% goat serum/0.01% saponin/PBS for 30
min at room temperature. Corresponding primary antibodies were diluted at desired ratio in
blocking buffer (TnT: 1:250, Ki67: 1:200, phH3: 1:400) and were incubated with cells
overnight at 4 °C on shaker. Next day, the cells were washed three times with washing
buffer, each time for 5 min at room temperature on shaker. Then, the appropriate secondary
antibodies were diluted in blocking buffer at 1:300 dilution ratio and were incubated with
cells for 1 hr at room temperature on shaker. After the incubation, the samples were washed
three times to remove any unbound secondary antibodies. Nuclei were counterstained using
Dapi.

Cardiac tissue generation—Engineered Heart Tissues were with small modifications
generated as described previously (Hansen et al., 2010). Briefly, induced pluripotent stem
cell-derived cardiomyocytes were detached and resuspended in culture medium containing
bovine fibrinogen (5 mg/ml), aprotinin (2.5 pg/ml) and 10% Matrigel. EHTs of 1x106
cardiomyocytes each were casted by mixing the reconstitution mix (97 pl/EHT) with
thrombin (3 pI/EHT, 100 U/ml) and pipetting it into the casting molds. Fibrin polymerization
(37 °C, 7% CO», 98% RH, 2 h) led to the formation of a muscle strip. The EHTs were
transferred to culture medium (Dulbecco’s modified Eagle’s medium) containing 10% horse
serum, 1% penicillin/streptomycin, 10 pg/ml insulin and 33 pg/ml aprotinin and maintained
at 21% oxygen, 7% CO, and 37 °C in a humidified cell culture incubator for 25 days.
Contractility measurements were performed in culture medium as described previously
(Hansen et al., 2010).

Small molecules / growth factors—PNU74654, MK2206, CHIR99021, C59 and
Palbociclib were obtained commercially. CHIR99021 and C59 were used depending on the
assay at 2.0 or 4.0 uM final concentration and PNU74654, MK2206 and Palbociclib were
used at 32, 1.0 and 1.0 uM, respectively. For /n vitro studies, recombinant scFv-DKK1c and
RSPO were expressed and purified as previously described (Janda et al., 2017) and used in
final concentrations of 200 and 25 nM, respectively. Recombinant Wnt3A protein was
purchased commercially and added in 100 ng/mL final concentration.

Protein expression analysis—Immunocytochemistry was performed with overnight
incubation of primary antibodies (listed below) followed by 2-hour incubation with Alexa-
conjugated fluorescent secondary antibodies. Immunostaining images were captured using
confocal (Zeiss LSM 710) or epifluorescence (Leica DM IL) microscopy.

Kinase phosphorylation screening assays were performed using the Proteome Profiler
Human Phospho-Kinase Array Kit containing 43 human kinases. Western blotting was
performed to validate the kinase screen results. Total protein expression was measured with
a gel imager and quantified based on pixel intensity (BioRad). Only lanes from the same gel
were used for displaying and quantification.
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Luciferase assays—Day 12 hiPSC-CMs were transfected for 48 hours with a TCF
reporter plasmid or the mutant reporter plasmid using Lipofectamine. 72 h after transfection
cells were treated with various small molecules for an additional 24 h and then lysed and
mixed with luciferase substrate. The expression of firefly luciferase was finally measured
using a 96-well micro plate reader.

Real-time PCR expression analysis—For quantitative analysis of gene expression,
RNA was extracted with a lysis buffer from hiPSC-CMs and stored at —80 °C. Total RNA
from each sample was purified from cell lysate using a RNA purification kit. cDNA was
made using a cDNA synthesis kit. Quantitative PCR was performed using a 96-well
thermocycler system (Biorad) with SYBR Green substrate for 40 cycles. All primers
sequences were obtained from the PrimerBank (Massachusetts General Hospital / Harvard
Medical School) online database. Oligos were synthesized at Stanford University.

Single cell gene expression analysis—For single cell gene expression analysis, day
12 hiPSC-CMs were treated with DMSO, CHIR99021 or C59 for 24 hours. At the end of
treatment hiPSC-CM aggregates were dispersed with TrypLE Select Enzyme as described
above and dissociated with gentle trituration. Single cells were washed and re-suspended in
ice cold RPMI 1640 with B27 supplement and then captured using the 10x Genomics
platform. RNA amplification and generation of cDNA expression libraries were performed
prior to sequencing using HiSeq-4000 (Illumina). The three data files (CTR, CHIR and C59)
(GEO accession number: GSE148586) were merged and subsequent analysis was performed
using Seurat software. Cells with poor quality and doublets/multiplets were filtered out
based on aberrant gene numbers, total transcript counts, percentage of reads to
mitochondrial genes, and housekeeping gene counts (GAPDH, SOD1, BLVRB, PSMB3). To
remove batch effect, Seurat integration tool was employed (Stuart et al., 2019).

Flow cytometry—TFreshly isolated hiPSC-CMs were fixed in PFA 4% for 5 min and
incubated with primary antibody against TnT for 1 hr. After multiple washings, an
Alexa488-conjugated mouse secondary antibody was added for 30 min of incubation
followed by washings to remove unbound antibodies. Samples were then analyzed using the
FACSCalibur® flow cytometer (BD Biosciences) and data processed using the FlowJo®
software (TreeStar).

Electrophysiological studies—hiPSC-CM treated with DMSO, CHIR, or CHIR>C59
were passaged 3 times in RPMI 1640 + B27 Supplement for an equivalent number of days
and seeded sparsely on Matrigel© coated 8 mm coverslips. Cells on coverslips were
immersed in extracellular solution containing 140 mM NacCl, 2.8 mM KCI, 2 mM CaCl2, 2
mM MgCI2, 10 mM HEPES, and 10 mM glucose, at pH 7.4. Patch electrodes were filled
with an intracellular solution containing 140 mM potassium gluconate, 10 mM NaCl, 2 mM
MgCI2, 10 mM HEPES, 1 mM EGTA, 4 mM Mg-ATP, and 0.3 mM Na-GTP, at pH 7.3,
hence, giving resistances of ~2-5 M’Q. Spontaneous CM action potentials were recorded at
room temperature using a sharp current clamp mode. For calcium transient recording, iPSC-
CMs were loaded with 5 pM Fluo-4 AM for 5-10 mins at 37 °C and were washed 3 times
afterward. Spontaneous calcium transients were observed at 37 °C with a Carl Zeiss LSM
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510 confocal microscopy (Géttingen, Germany) and a 63x objective (Plan-Apochromat 63x/
1.40 Oil DIC M27). Calcium signalings were recorded using line-scanning mode, and the
Imaging data were analyzed with a custom-made Mat lab algorithm. Transient amplitude
was expressed as AF/FO.

Single cell patterning and contractility—For single cell contractile assays, hiPSC-
CMs were plated on polyacrylamide hydrogels of 10 kPa stiffness with micro-patterned
Matrigel© to achieve a final hiPSC-CM aspect ratio of 7:1 (Lee et al., 2020). After 3-6 days
of culture in the presence of DMSO, CHIR, or CHIR>C59, contractility of hiPSC-CMs were
measured by recording contractile motion of at least 10 individual cells per group using high
speed microscope camera (frame rate: 75 fps, shutter speed: 1/150 sec) and motion velocity
analysis was performed using Sony Cell Motion Imaging System (S18000) (Hayakawa et al.,
2014). Briefly, motion velocity analysis calculates contraction/relaxation velocity and
deformation distance by computationally measuring movement of pixels in the consecutive
video images. Since cells are patterned into known surface area (1800 um?) and attached to
hydrogel substrate of known stiffness (10 kPa), maximum contractile force was calculated
using Young’s modulus equation.

max. contractile de formation distance « Sur face Area
initial cell length determined by patterning(112 um) ~ Young's modulus

max . contractile force =

After recordings, cells were fixed immunostained with antibodies to ¢cTnT and a-actinin,
counterstained with DAPI, and imaged using Zeiss LSM710 confocal microscope.
Quantification of sarcomere alignment was performed using FI1JI software with an additional
analysis package (Orientation J) to determine the angle of z-disc-registered sarcomeric a-
actinin. For example, 90 ° angle of z-disc-registered sarcomeric a.-actinin represents
myofibril alignment along cellular long axis.

Biophysical effect examination using hydrogel substrate—To modulate substrate
stiffness, polyacrylamide hydrogels were prepared as previously described (Lee et al., 2019,
2020). Briefly, 40% of acrylamide and 2% bisacrylamide stock solution was diluted with
deionized water to make polyacrylamide hydrogel precursor solution with the final
concentration of acrylamide at 8% and the final concentration of bisacrylamide at 0.06%,
0.15%, and 0.6%, to achieve hydrogel stiffness of 1, 10, and 60 kPa, respectively. The
hydrogel precursor solution was sandwiched between two coverslips and photo-crosslinked
under light (365 nm, 4 mW/cm?) for 5 min. After photocrosslinking the hydrogel, one
coverslip was peeled off to reveal a hydrogel substrate. Day 24 hiPSC-CMs were plated on
the hydrogel substrate and cultured for 5 days in expansion media (B27+CHIR 2uM) for 5
days before fixation. Immunostaining was done as described above. Rabbit-derived Yap
antibody was diluted at 1:50.

YAP inhibition study—To pharmacologically inhibit YAP activity, a well-known
inhibitor, verteporfin (SML0534, Sigma) was administered to day 22 hiPSC-CMs at
different concentrations (0.1, 1, 10, 50, 100 uM) for 24 hours. 50, 100 uM verteporfin
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treatment led to cell death. Next day, the cells were fixed and stained for YAP, TnT, and
Ki67 as described above.

In vivo studies in mice—Pregnant mice at gestational day 16.5 and 4-day-old CD1 mice
(Jackson Laboratory, Bar Harbor, ME) were given 4-6 consecutive daily intraperitoneally
injections of CHIR at a dose of 50mg/kg. After 4 days (embryonic studies) or 6 days
(neonatal studies) post-injection, euthanasia was performed by first sedating the mice via
isoflurane (inhalant, 2% in 100% oxygen, neonate placed on a warm pad), followed by a
secondary cervical dislocation. Death was verified after euthanasia and prior to disposal. All
animal experiments were approved by the animal care and use committee (APLAC) at
Stanford University. All experiments were performed in accordance with relevant guidelines
and regulations of Stanford University. Body and heart weights were measured by a blinded
observer. Freshly isolated adult hearts were dissected from mouse chest cavity and washed
in PBS to remove excess blood. The postnatal hearts were incubated in 30% sucrose in
phosphate buffered solution (PBS) overnight followed by stepwise incubation with a graded
concentration of OCT in PBS for cryo-sectioning. Following cryopreservation, hearts were
cut into 10 um sections and lightly fixed in 4% paraformaldehyde in PBS prior to
immunostaining. All quantitative analyses of the histological sections were performed on
numerically coded animals in an observer-blinded fashion to prevent subjective bias in data
analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cell counts were performed with Luna-FL fluorescence cell counter, BD flow cytometry
system, Image J software or manually. Numerical data are presented individually or as mean
+ standard deviation (SD), standard error (SE) or standard error of the mean (SEM).
Statistical significance was performed using Excel or Prism software. Values of p<0.05 were
considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

GSK3p inhibition-mediated hiPSC-cardiomyocyte proliferation is cell density
dependent

GSK3p inhibition with reduced cell-cell contact massively expands hiPSC-
cardiomyocytes

LEF/TCF activity inhibits hiPSC-cardiomyocyte maturation without
promoting cell cycling

Long-term expansion does not alter cardiomyocyte contractile function
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Figure 1:
GSK-3p inhibition promotes hiPSC-CM proliferation in a cell-density dependent manner.

(A) Schematic of Wnt-modulated directed cardiac differentiation and subsequent expansion.
Day 12, hiPSC-CMs were plated densely (~100,000 cells/cm?), sparsely (~10,000 cells/cm?)
for serial passaging or cultured without passaging (~500,000-1M cells/cm?) in the presence
of CHIR99021 (CHIR) (2.0 pM). (B) Expansion of hiPSC-CMs represented as fold increase
over day 12 for each passage (P) number. (C) Immunofluorescence images and (D) the
quantification of proliferation marker Ki67 (green), cardiac troponin T (TnT) (cyan) and
nuclei (red) in hiPSC-CMs. (E) Immunofluorescence images and (F) the quantification of
mitotic cardiomyocytes assessed by phospho-histone H3 (pHH3) (green), TnT (cyan) and
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nuclei (red). (B, D, F) Data are means + SEM. *p<0.05, ****p<0.001, n.s. p>0.05 by One-
way ANOVA with Tukey’s post hoc multiple comparisons test. (G) Illustration of
conditioned media collection of densely cultured cells, subsequent factor concentration and
application to sparsely cultured hiPSC-CMs. (H) Immunofluorescence images of Ki67
(green), TnT (cyan), and nuclei (red). (I) Quantification of the percentages of Ki67+/TnT+
cells in H. Data are means + SEM. n.s. p>0.05 by One-way ANOVA Dunnett’s post hoc
multiple comparisons to control “no C/M” group (blue circle). (J) Schematic of culturing the
fixed number of hiPSC-CMs in dense or sparse condition. (K, M) Immunofluorescence and
(L, N) the quantification of the percent (K, L) proliferative cardiomyocytes (Ki67+/TnT+) or
(M, N) mitotic cardiomyocytes (pHH3+/TnT+). Data are means £ SEM. *p<0.05, **p<0.01
by unpaired t-test. Supplementary Table 1 specifies the replicates per experiment.
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Figure 2:
GSK-3p inhibition and long-term low-density passaging results in massive expansion of

beating hiPSC-CMs. (A) Schematic timeline of hiPSC-CM expansion and passaging. (B)
Representative images of hiPSC-CM flasks from initial 10 cm? confluent dish at passage 0
(P0) to multiple T-175 cm? cell culture flasks at end of passage 4. (C) Total surface area
(cm?) coverage by hiPSC-CMs at each passage. (D) Representative bright-field images of
hiPSC-CMs treated with CHIR (2.0 pM) or DMSO (CTR) prior to being passaged. Note that
CHIR-treated cells reach confluence again prior to next passaging while DMSO-treated cells
become progressively more sparse. Same dilution factor was applied to both treatment
conditions. (E) Quantification of total cell numbers from PO to P5. (F) Graph displaying the
expansion for multiple passages (P) of low-density cultured and CHIR treated CMs derived
from four different hiPSC lines. (G) Immunofluorescence analysis for TnT expression at P3
for hiPSC-CMs treated with DMSO (CTR) or CHIR. (H) Fold increase in TnT+ cells at each
passage in CHIR-treated over DMSO treated cells for 4 indicated hiPSC lines. (1)
Representative flow cytometry plots of TnT expression (green) and unstained controls (grey)
in DMSO (CTR) and CHIR-treated cells over multiple passaging. (J) Average percentages of
TnT+ cells from flow cytometric analysis in (I). (K) Representative confocal microscopy
images of P3 (> day 28) CHIR-treated hiPSC-CMs at different phases of mitosis. (L)
Quantification of proliferating hiPSC-CMs at distinct mitotic phases from (K). (M)
Immunofluorescence image of Aurora B kinase expression in TnT+ cells undergoing
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cytokinesis. Scale bars represent 100um, Bar charts represent mean+SD. *p<0.05 and
**p<0.005 by unpaired t-test. Supplementary Table 1 specifies the replicates per experiment.
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Figure 3:
Phenotypic assessment of hiPSC-CMs following GSK-3g inhibition and removal of contact

inhibition (A, B) Confocal microscopy images of P3 (D35) hiPSC-CMs treated with either
DMSO (1:5000) (CTR) or CHIR (2.0 uM) since PO and (for CHIR-treated cells in B)
subsequently treated for 6 days with either continuation of CHIR (2.0 pM) or replacement of
CHIR with C59 (2.0 pM) (CHIR>C59) and immunostained on micropatterned surfaces for
the expression of troponin T (TnT) and sarcomeric a-actinin (a-SA) or phospho Histone H3
(pHH3). Treated hiPSC-CMs were micropatterned as single cells to adopt rectangular
morphology with 7:1 aspect ratio. (C-D) Representative images of distribution of sarcomere
alignment. Color codes represent angle of a-SA with respect to cellular long axis (e.g. Z-
disc-registered a-SA angle = 90°) (n=10) (E) Contractility measurements in cells treated in
(B). (F) Ca?* transients (Fluo-4AM) fluorescence expressed relative to baseline [F/F0] in
hiPSC-CMs at day (D) 42 in hiPSC-CMs treated with DMSO (CTR), CHIR (CHIR) or
CHIR followed by C59 (CHIR>C59). Plots displaying the Ca%* transient (G) Frequency, (H)
Amplitude and Decay for each group. Fold increases in the expression of sarcomere (1),
electrophysiological (J), and metabolic genes (K) at the indicated days in hiPSC-CMs
treated with CHIR from D12 to D28 followed by either continued treatment with CHIR,
CHIR withdraw (CHIR>CTR) or replacement of CHIR with C59 (CHIR>C59). (L) UMAP
plots of day 12 hiPSC-CMs treated with DMSO (1:2500) (grey), CHIR (4.0 uM) (yellow),
or C59 (4.0 uM) (black) for 24 hrs. (M) FeaturePlot of Wnt target genes. (N) Average
expression of the selected mature cardiac genes normalized to CTR. (O) UMAP plots for
cell cycle analysis, S-phase (S) (blue), G2/M-phase (G2M) (green) and G1-phase (red). (P)
Bar graph of the percentage of cells in different cell cycle phases. Scale bars represent
100um. Dot plots represent biological replicates and average. Bar charts represent mean.
Graphs represent averagexSD. *p<0.05 and **p<0.005 by unpaired t-test. NS=not
significant. Supplementary Table 1 specifies the replicates per experiment.
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Figure 4:
Density-dependent CHIR-induced hiPSC-CM proliferation is uncoupled from YAP activity.

(A) Representative immunofluorescence images for yes-associated protein (YAP) (green),
cardiac troponin T (TnT) (cyan) and nuclei (red) in dense or sparse culture conditions. (B)
Quantification of nuclear to cytoplasmic YAP ratios. Data are means = SEM. ****p<0.0001
by unpaired t test. (C) Schematic displaying potential biophysical effects on sparse and
dense cell culture. (D) Immunofluorescence for Ki67 (green), TnT (cyan) and nuclei (red) in
hiPSC-CMs cultured on substrates with varying stiffness (kPa) or on tissue culture plastic
(TCP) (~GPa). (E) Quantification of the percent Ki67+/TnT+ cells in D. (F, G) Effect of
substrate stiffness on YAP localization. (F) Representative immunofluorescence images and
(G) the quantification of nuclear/cytoplasmic ratios of YAP in hiPSC-CMs. (I, H) YAP
localization in hiPSC-CMs cultured in sparse or dense culture conditions with or without
YAP inhibitor Verteporfin (1.0 or 10 pM). (J, K) Representative immunofluorescence images
and the quantification of Ki67+ (red), TnT+ (green) cells (blue) for the same conditions as in
H. Data are means + SEM. *p<0.05. ****p<0.0001 by One-way ANOVA Dunnett’s post
hoc multiple comparisons to control “Sparse-DMSO” group. Supplementary Table 1
specifies the replicates per experiment.
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Figure 5:
CHIR and low-density plating activate B-catenin and AKT signaling to enhance hiPSC-CM

proliferation via Cyclin D2-dependent kinases and prevent maturation via repression of
sarcomere gene expression. (A) TOPFlash (TCF/LEF) luciferase analysis of hiPSC-CMs
treated with CTR or CHIR with or without PNU74654 for 24 hrs. (B) Fold increase in TnT+
cell number after DMSO (CTR) or CHIR (2.0 uM) treatment with or without PNU74654 (32

UM). (C) Normalized gene expression of Wnt target genes and maturation markers. Note th

oN M O ®

e

complete recovery of maturation gene expression when canonical Wnt signaling is abolished

by PNU74654 treatment. (D) A mini-screen of 43 kinase targets after CHIR treatment
demonstrated an increase in phosphorylation (p) levels at AKT, HSP27, and others. (E)
Confirmation of AKT T308 phosphorylation by western blot. Control lanes were removed.
(F) Quantification of pAKT protein expression level after CHIR treatment. (G)
Immunofluorescence analysis for pAKT T308 expression in TnT+ (green) day 20 hiPSC-
CMs cultured for 6 days with the indicated treatment. (H, 1) Quantification of the number o
TnT+ (H) and pAKT T308+ (1) cells in G. (J) TOPFlash luciferase analysis of hiPSC-CMs
after treatment of CHIR for 24 hrs with or without MK2206 (1.0 uM). (K) Expression of
Whnt target genes and maturation markers after treatment with the indicated compounds.
Note that AKT signaling is not changing the Wnt dependent maturation related gene
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expression. (L) A schematic diagram of the inhibitory relationship between GSK3 and
downstream canonical Wnt signaling and their de-repression with CHIR. The role of
PNU74654 to inhibit p-catenin-TCF/LEF activity is highlighted. Dashed lines indicate a
correlation between AKT-CCND2. (M) Immunofluorescence analysis for Cyclin D2
(CCND2) (pink) expression in TnT+ (green) day 20 hiPSC-CMs cultured for 6 days with the
indicated compounds. Quantification of the number of CCND2+/TnT+ cells per treatment
group (N). (O) Immunofluorescence analysis for phospho Histone H3 (pHH3) (pink) and
TnT (green) expression at day 20 hiPSC-CMs cultured for 6 days with the indicated
compounds. Quantification of the number of pHH3+/TnT+ cells per treatment group (P).
Scale bars represent 100um, Dot plots represent biological replicates and average. Bar charts
represent mean+SD. *p<0.05 and **p<0.005 by unpaired t-test. Supplementary Table 1
specifies the replicates per experiment.
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Figure 6:
Long-term GSK3g inhibition with low-density plating does not preclude hiPSC CMs

terminal differentiation and maturation in functional cardiac tissue. (A) Immunofluorescence
image of alpha-actinin (a-Act) and (B) gPCR analysis of sarcomeric gene expression in
passage 4 (P4) expanded vs non-expanded hiPSC-CMs at day 42 (~D42) of differentiation.
(C) Brightfield images of engineered heart tissues produced from non-expanded or P4
expanded hiPSC-CMs at ~D42 and further cultured for 25-days. (D) Brightfield image of
engineered heart tissues in a 24-well plate format. (E) Immunofluorescence microscopy
images of alpha-actinin (a-Act) and Troponin T (TnT) in cardiac tissue generated from
previously expanded hiPSC-CMs. (F) Graphs displaying development of contraction force
(mN), beating rate and time to peak (T1) in heart tissues generated from previously
expanded (P4 CHIR>CTR) (yellow) or non-expanded (grey) hiPSC-CMs measured at time
points between day (D) 5 tot 20. (G) Plots for contraction analysis (contraction force (mN),
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beating rate, time to peak (T1), relaxation time (s), resting length (mm), contraction velocity
(mN/s) in engineered heart tissue 14 days after formation for the indicated treatment and
hiPSC lines. Scale bars represent 100um. Bar charts represent mean+SD. Dot plots
represents biological replicates and mean+SEM. *p<0.05 by unpaired t-test. Supplementary
Table 1 specifies the replicates per experiment.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Cardiac Troponin T Fisher MS-295
K167 Abcam Ab15580
Phospho-Histone 3 Cell Signaling 9701

alpha sarcomeric actinin Sigma-Aldrich A7811
MLC2V Abcam ab48003
phospo AKT T308 Cell Signaling #9275
Cyclin D2 Santa Cruz SC-452
YAP Santa Cruz SC15407
Proteome Profiler Human Phospho-Kinase Array Kit | R&D systems ARY003B
Biological Samples

TCF reporter plasmid Addgene M50
Mutant TCF reporter plasmid Addgene M51
Chemicals, Peptides, and Recombinant Proteins

CHIR99021 Selleckchem $2924 / S1263
C59 Selleckchem S737
Verteporfin Sigma SMLO0534
PNU74654 Selleckchem $8429
MK2206 Selleckchem $1078
Palbociclib Selleckchem S1116
Wnt3A R&D systems 5036-WN-010
Lipofectamine Invitrogen L.3000001
luciferase substrate Promega E1910
Critical Commercial Assays

Bovine fibrinogen Sigma F8630
Aprotin Sigma A1153
Matrigel Corning 35234
Thrombin Sigma T7513
Insulin Sigma 19278
ROCK inhibitor Y-27632 Selleckchem $1049
RNeasy Plus Mini Kit Qiagen 74134
HotStart-1T Sybr Invitrogen 75762
Superscript cDNA kit Invitrogen 11904018
RPMI 1640 Invitrogen 12633012
B27 supplement Invitrogen 17504044
Deposited Data

Single cell RNA sequencing 10x GSE148586
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Models: Cell Lines
hiPSC line Stanford Biobank SCVI111
hiPSC line Stanford Biobank SCVI113
hiPSC line Stanford Biobank SCVI202
hiPSC line Stanford Biobank SCVI273
Experimental Models: Organisms/Strains
C57BL/6J Mice Jackson Laboratory | 000664

Software and Algorithms

Prism 8 Graphpad
Excel 2016 Microsoft
Seurat Satijalab.org
FlowJo® TreeStar
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