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SUMMARY
Arrhythmogenic cardiomyopathy (ACM) is an inherited cardiac disorder that causes life-threatening arrhythmias and myocardial

dysfunction. Pathogenic variants in Plakophilin-2 (PKP2), a desmosome component within specialized cardiac cell junctions, cause

the majority of ACM cases. However, the molecular mechanisms by which PKP2 variants induce disease phenotypes remain unclear.

Here we built bioengineered platforms using genetically modified human induced pluripotent stem cell-derived cardiomyocytes to

model the early spatiotemporal process of cardiomyocyte junction assembly in vitro. Heterozygosity for truncating variant PKP2R413X

reduced Wnt/b-catenin signaling, impaired myofibrillogenesis, delayed mechanical coupling, and reduced calcium wave velocity

in engineered tissues. These abnormalities were ameliorated by SB216763, which activated Wnt/b-catenin signaling, improved

cytoskeletal organization, restored cell junction integrity in cell pairs, and improved calcium wave velocity in engineered

tissues. Together, these findings highlight the therapeutic potential of modulating Wnt/b-catenin signaling in a human model of

ACM.
INTRODUCTION

The cardiac intercalated disc is a specialized cell junction

that mechanically and electrically couples cardiomyo-

cytes. This coupling is enabled by the area composita, a

hybrid adhesion and signaling complex, that includes ad-

herens junctions, desmosomes, and gap junctions. Delete-

rious variants in desmosome genes cause arrhythmogenic

cardiomyopathy (ACM), an inherited cardiomyopathy

characterized by ventricular arrhythmias and progressive

fibrofatty replacement of the myocardium, ultimately

leading to heart failure (Austin et al., 2019). ACM

affects an estimated 1 in 5,000 people, and more than

one-half of ACM patients harbor genetic variants in

plakophilin-2 (PKP2), a desmosome gene (Corrado et al.,

2017; Gerull et al., 2004). Patient samples and animal

models have shown that pathogenic PKP2 variants induce

misexpression and mislocalization of other area compo-

sita proteins, including plakoglobin and connexin-43

(CX43; official symbol GJA1), components of desmosome

and gap junctions, respectively. This failure to properly

assemble cell junctions is hypothesized to compromise

the structural and electrical connectivity across cardio-

myocytes and its functions in intracellular signaling,

culminating in heart failure (Bhonsale et al., 2015; Cer-

rone et al., 2017; Cruz et al., 2015; Kirchner et al., 2012;

Mazzanti et al., 2016; Oxford et al., 2007; Sato et al.,
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2009). Unfortunately, treatments for ACM are lacking,

in part because of an incomplete understanding of the

molecular events linking PKP2 pathogenic variants to

the dynamics of cell junction remodeling, arrhythmogen-

esis, and myocardial fibrofatty replacement.

At the molecular and cellular levels, mislocalization of

plakoglobin is hypothesized to suppress Wnt/b-catenin

signaling (Austin et al., 2019; Chelko et al., 2016; Gar-

cia-Gras et al., 2006; Zhurinsky et al., 2000), an evolution-

arily conserved pathway that regulates cardiomyocyte

gene expression (Gessert and Kühl, 2010; Komiya and Ha-

bas, 2008). Previous studies have shown that SB216763, a

small molecule that activates Wnt/b-catenin signaling by

inhibiting glycogen synthase kinase 3 (GSK-3), restored

cell junction integrity, and improved cardiac conduction

and ejection fraction in mouse, rat, and zebrafish ACM

models (Asimaki et al., 2014; Chelko et al., 2016; Pa-

drón-Barthe et al., 2019). However, the cellular and junc-

tional remodeling processes that occur with Wnt modula-

tion have been difficult to track. Most ACM models

including patient samples and animal models represent

late-stage disease phenotypes resulting from extended pe-

riods of pathological remodeling with innate compensa-

tory mechanisms. To facilitate dissection of the patho-

genic role of ACM-causing variants and pathways within

human cardiomyocytes, recent studies (Bliley et al.,

2021; Inoue et al., 2022; Khudiakov et al., 2020; Kim
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et al., 2013; Zhang et al., 2021) have largely focused on us-

ing cardiomyocytes differentiated from human induced

pluripotent stem cells (hiPSC-CMs).

hiPSC-CMs can recapitulate disease phenotypes

(Thomas et al., 2022) and have been used to demonstrate

aberrant metabolism, intracellular lipid accumulation,

sarcomere assembly, calcium handling, contractility, and

electrophysiology in ACM hiPSC-CMs (Austin et al.,

2019; Bliley et al., 2021; Inoue et al., 2022; Khudiakov

et al., 2020; Kim et al., 2013; Zhang et al., 2021). In this

study, we developed a hiPSC-CM cell pair model to study

the assembly of cell-cell junctions and their perturbation

by a pathogenic PKP2 nonsense variant, PKP2 c.1237C>T,

p.R413X. We found that PKP2R413X/+ cells exhibited

reduced Wnt/b-catenin signaling and altered cytoskeletal

organization, which impaired the formation of cell-cell

junctions. Stimulation of Wnt/b-catenin by SB216763

reversed the maladaptive structural and functional pheno-

types, suggesting that Wnt/b-catenin signaling regulates

cell junction dynamics via the cytoskeleton.
RESULTS

Optimized cell pair platform to study hiPSC-CM cell-

cell junction formation

The predominance of pathogenic sequence variants in

desmosome genes implicates cell-cell junctions in ACM

pathogenesis. The minimal cardiac functional unit that

forms cell-cell junctions is a cell pair. To study the effect of

ACM pathogenic variants on cell-cell junction formation,

we optimized our previously described cell pair platform

(Aratyn-Schaus et al., 2016; McCain et al., 2012a, 2012b).

We micro-contact printed rectangular islands of extracel-

lular matrix (ECM) proteins with a 14:1 length-to-width ra-

tio,whichmodels thedimensionsof twohumanadult cardi-

omyocytes (average aspect ratio 7:1) connected end to end

(Figure S1A). Guided by the area of unpatterned hiPSC-

CMs (1,600 ± 101 mm2, mean ± SEM, Figures S1B and S1C),

we used an ECM island area of 3,200 mm2 for cell pairs (Fig-

ure S1D). Initial experiments using substrates optimized

for rat cardiomyocyte cell pairs (Aratyn-Schaus et al., 2016;

McCain et al., 2012a, 2012b) resulted in low cell coverage.

An ECM protein mixture of fibronectin and GelTrex (FN/

GT) on soft polydimethylsiloxane (PDMS) substrates

improved the consistency and adhesion of hiPSC-CMs by

73% compared with patterned substrates containing only

fibronectin (Figures S1E–S1G). These optimizations

achieved 64% cell coverage on the printed substrates

(Figures S1F and S1G). Together, these data suggest that

hiPSC-CMs require amorebiomimeticECMproteinmixture

to promote cell attachment and survival on engineered sub-

strates in vitro in comparison with rat cardiomyocytes.
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Next, we examined the formation of cell junctions by

hiPSC-CMs in our cell pair platform. hiPSC-CMs were al-

lowed to mature in monolayer culture to post-differentia-

tion day 30 and then replated on FN/GT patterned soft

PDMS substrates. Formation of cell-cell junctions was

then monitored over the subsequent 9 days (Figure S2A).

We focused on N-cadherin, plakoglobin, PKP2, and

CX43, components of the intercalated disc (Manring

et al., 2018), and used immunostaining to monitor their

distribution and localization during cell junction assembly.

Consistently across cell pairs, N-cadherin, plakoglobin,

and PKP2 staining localized at the cell-cell junction

(Figures 1A–1I) by day 6, suggesting development of adhe-

sive junctions comprising cadherins and desmosomes that

mediate mechanical coupling. CX43 immunofluorescence

localization at the cell-cell junction was observed at day 9

(Figures 1J–1L), suggesting that gap junction-mediated

electrical coupling between cell pairs is established after

mechanical coupling.

To summarize the immunostaining results across cell

pairs and experimental batches, we took advantage of the

reproducible shape and size of cell pairs to generate repre-

sentative overlaid heatmaps of protein expression at each

timepoint. For example, the superimposed immunofluo-

rescence heatmaps showed that N-cadherin (Figure 1B),

plakoglobin (Figure 1E), and PKP2 (Figure 1H) staining

transition from a diffuse cytoplasmic distribution toward

a distinct junctional localization over 6 days in culture. A

few days later, CX43 staining consistently localized at

cell-cell junctions (Figure 1K). Corresponding quantified

values for the center (m) and width/spread (s) of each pro-

tein distribution (Figures S2B and S2C) further confirmed

gradual localization of these junctional proteins to the

cell-cell junction (Figures 1C, 1F, 1I, and 1L) over 9 days

on the cell pair substrates in vitro.

The cytoskeletal network is another critical structure that

forms via myofibrillogenesis during the early stages of car-

diomyocyte development. Two cytoskeletal proteins, fila-

mentous actin (F-actin) and sarcomere Z-disc protein a-ac-

tinin, align along the long and short axes, respectively, as

cardiomyocytes develop andmature in vitro, and thus indi-

cate the cell’s structural health or maturity. We quantified

cell pair cytoskeletal and sarcomeric organization using

the orientational order parameter (OOP) and Z-disc pres-

ence (Figures S2D–S2F), previously established metrics

(Pasqualini et al., 2015; Sheehy et al., 2014; Wang et al.,

2014). OOP describes the overall orientation of fibrillar

structures based on their distribution, with 0 and 1 repre-

senting isotropic and anisotropic alignment, respectively,

and Z-disc presence representing the overall fraction of

Z-discs oriented in the cardiomyocyte short axis (Fig-

ure S2F). Since we standardized the cellular microenviron-

ment, these metrics were similar across differentiation
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Figure 1. Spatiotemporal cell-cell junction assembly of WT hiPSC-CMs
(A–L) See also Figures S1–S3. Immunofluorescence images, averaged heatmaps, and quantified protein localization of N-cadherin (A–C),
plakoglobin (D–F), PKP2 (G–I), and CX43 (J–L). Representative images of WT hiPSC-CM cell pairs stained for nuclei (blue), a-actinin (red),
and cell junction proteins (white).
(B, E, H, K) Overlaid heatmaps represent the distribution of individual proteins averaged over all imaged cells for each time point. Yellow
arrows indicate junctional localization. Quantified center and distribution of N-cadherin (C), plakoglobin (F), PKP2 (I), and CX43 (L).
Mean ± SD. One-way ANOVA followed by Tukey’s honest significant difference (HSD) test: *p < 0.05. Cell pairs were aggregated from three
to four independent differentiations.
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batches with variable plating efficiencies (Figures S2G

and S2H).

Compared with unpatterned hiPSC-CMs on FN/GT-

coated PDMS, patterned cell pairs exhibited greater

F-actin and sarcomeric OOP (Figures S3A and S3B). Cyto-

skeletal organization was also well established by day 1,

with only slight increases up to day 9. Sarcomeric a-actinin

organization developed more slowly, reaching its maximal

value at day 6. Since nuclear morphology reflects cytoskel-

etal tension (Bray et al., 2010; Lee et al., 2015), we quanti-

fied the nuclear aspect ratio to further assess cytoskeletal

stresses. Compared with unpatterned hiPSC-CMs, cell

pair hiPSC-CMs exhibited elongated nuclei (higher aspect

ratio), with greater alignment between nuclear and cellular

long axes (Figures S3C and S3D). Together, these results

suggest that shape-controlled culture of hiPSC-CMs

induced and standardized cytoskeletal and cell-cell junc-

tion formation.

Impaired assembly of cell-cell junctions in ACM

hiPSC-CM cell pairs

Truncating and missense variants in PKP2 are the most

frequent cause of ACM (Gerull et al., 2004). The conse-

quences of PKP2 pathogenic variants on spatiotemporal as-

sembly of cell-cell junctions have yet to be shown in human

cardiomyocytes or hiPSC-CMs. To address this question, we

used the cell pair platform to compare cell-cell junction as-

sembly inPKP2mutant and isogenic controlhiPSC-CMs.Us-

ing CRISPR-Cas9-mediated genome editing (Wang et al.,

2017), we created two iPSC lines (clones C93 and C98) het-

erozygous for PKP2R413X, an established pathogenic trun-

cating variant (Figures S4A, S4B, and Table S1) (Syrris et al.,

2006). Sanger sequencing did not show off-target mutagen-

esis at the three top predicted potentials, and digital karyo-

typing using Nanostring technology did not detect signifi-

cant copy number variations compared with the parental

line (Figures S4C and S4D). Genome-edited and control

iPSCs expressed pluripotency markers (Figure S4E), and

both genotypes exhibited comparable hiPSC-CM differenti-

ation efficiencies (Figure S4F). Here these PKP2R413X/+ iPSCs

are referred to as ACM; ACM-C98 was used for the main ex-

periments, and key results were validated using ACM-C93

as indicated.

ACM hiPSC-CMs cell pairs exhibited defective cell-cell

junction assembly compared with isogenic controls.

Isogenic control hiPSC-CM cell pairs consistently localized

N-cadherin, plakoglobin, and PKP2 to cell-cell junctions by

day 6, and CX43 by day 9 (Figure 1). In contrast, ACM

cell pairs showed diffuse cytoplasmic distribution of

N-cadherin until day 9 (Figures 2A and 2B), indicating de-

layed formation of adherens junctions. Furthermore, ACM

cell pairs failed to properly localize plakoglobin, PKP2,

and CX43 to cell-cell junctions during the 9-day culture
1814 Stem Cell Reports j Vol. 18 j 1811–1826 j September 12, 2023
period (Figures 2C–2H), indicating failure of desmosome

and gap junction assembly. Plakoglobin stained diffusely

throughout the cytoplasm, and PKP2 and CX43 showed

aberrant peri-nuclear immunoreactivity. Quantitative anal-

ysis of protein localization over 9 days confirmed abnormal

localization of plakoglobin (days 6 and 9), PKP2 (days 3, 6,

and 9), and CX43 (days 6 and 9) (Figures 2D, 2F, and 2H).

We then investigated the cytoskeletal organization in

ACM cell pairs. Compared with isogenic controls, ACM

cell pairs exhibited reduced F-actin organization and sarco-

meric a-actinin formation (Figure 3). Quantitative analysis

confirmed reduced F-actin alignment during the early cell

pair assembly (days 1 and 3; Figure 3E) and subsequently

reduced sarcomere organization (Z-disc presence at days

3, 6, and 9) (Figures 3F and 3G). Increased sarcomere orga-

nization in wild-type (WT) cell pairs on days 6 and 9 was

associated with enhanced formation of cell-cell junctions,

as indicated by junctional localization of intercalated disc

proteins in WT compared with ACM cell pairs (Figure 2).

SB216763 induces myofibrillogenesis and restores

junctional integrity in ACM hiPSC-CM cell pairs

Reduced Wnt/b-catenin signaling is hypothesized to

contribute to ACM pathogenesis (Austin et al., 2019; Gar-

cia-Gras et al., 2006). SB216763, a smallmolecule GSK-3 in-

hibitor andWnt activator, restores junctional protein local-

ization and normalizes electrical activity in animal and

human cell models of ACM (Asimaki et al., 2014; Chelko

et al., 2016). Here we asked if modulating the Wnt/b-cate-

nin pathway via SB216763 would restore cytoskeletal orga-

nization and cell junction integrity in the hiPSC-CM cell

pair model of ACM (Figures 4 and 5).

The effect of SB216763 on ACM and control cell pairs is

shown in representative images and corresponding quanti-

tative analysis at day 6 (Figures 4A–4F) and day 9

(Figures 4G–4L). At both time points, ACM + vehicle (veh)

had fewer vertically oriented a-actinin fibrils (Z-disc pres-

ence) than WT + veh, and this deficiency was rescued by

SB216763 (Figure 4). While SB216763 enhanced cytoskel-

etal organizationofACM cell pairs, it had theopposite effect

in WT cell pairs: WT + SB216763 (SB) cell pairs had signifi-

cantly lower actin alignment (F-actin OOP) compared

with WT + veh cell pairs (Figures 4E and 4K).

Next, we examined the effects of SB on cell-cell junction

formation. N-cadherin localization to cell-cell junctions in

ACM cell pairs was not significantly affected by SB. Both

ACM + veh and ACM + SB exhibited delayed N-cadherin

junctional localization with cytoplasmic distribution on

day 6 (Figures S5A and S5B) and junctional localization by

day 9 (Figures 5A–5C). In contrast, SB treatmentmadeplako-

globin inACM comparablewithWTbyday9 (Figures 5Dand

5E). However, plakoglobin localization remained abnormal

on day 6 (Figures S5C and S5D), suggesting partial rescue
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Figure 2. Compromised spatiotemporal assembly of cell-cell junctions in ACM hiPSC-CMs
(A–H) See also Figure S4. Representative immunostained images and averaged heatmaps of ACM hiPSC-CM cell pairs stained for nuclei
(blue), a-actinin (red), and cell junction proteins (white). Quantified centers and distributions of intercalated disc protein localization in
isogenic WT control and ACM hiPSC-CM cell pairs for cell junction proteins are shown on the right. Mean ± SD. two-way ANOVA followed by
Tukey’s multiple comparisons test: *p < 0.05, **p < 0.01. Cell pairs were aggregated from three to five independent differentiations.
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Figure 3. Compromised spatiotemporal assembly of the cytoskeletal filaments in ACM hiPSC-CMs
(A and B) Representative images of isogenic WT (A) and ACM (B) hiPSC-CM cell pairs stained for F-actin (green), sarcomeric a-actinin (red),
and DAPI (blue). Day 1 skeletonized F-actin images, pseudo-colored based on fibril angular orientation, are shown below with boxed region
magnified in the inset.

(legend continued on next page)
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with continued abnormalities in desmosome assembly ki-

netics. PKP2 localization was also not affected by SB. Both

ACM + veh and ACM + SB exhibited mislocalization of

PKP2 on days 6 and 9 (Figures S5E, S5F, and 5G–5I). On day

9, CX43 exhibited junctional localization in WT + veh,

whereas it was primarily perinuclear in ACM+ veh cell pairs.

After SB treatment, CX43 localization in ACM + SB became

comparable withWT + veh. (Figures 5J–5L). We further vali-

dated the effects of SB on PKP2mutant cell-cell junctions by

repeating the experiments on a second independent ACM

clone, ACM-C93. Baseline defects and responses to SB were

comparable between clones (Figure S6). Together these data

indicate that SB ameliorates junctional complex assembly

defects observed in ACM hiPSC-CM cell pairs.

Whereas SB ameliorated abnormal junctional protein

localization in ACM cell pairs, it disrupted junctional locali-

zation inWT hiPSC-CM cell pairs. WT + SB showed reduced

junctional localization of N-cadherin first on day 6

(Figures S5A and S5B). By day 9, N-cadherin, plakoglobin,

and CX43 became mislocalized to the peri-nuclear region,

indicated by lower values for centers and reduced distribu-

tion widths (Figures 5C, 5F, and 5L). Together with its effect

on F-actin alignment (Figure 4), these data indicate that SB

impairedWT cell pair cytoskeletal and junctional assembly.

To gain further insight into the molecular mechanisms

underlying the observed structural changes, we used sub-

cellular fractionation and capillary western blotting to

quantify changes in protein levels or localization. Because

of the amount of protein needed for these studies, mono-

layer cultures were used. The PKP2 protein level was signif-

icantly reduced in ACM hiPSC-CMs (Figure 6A), indicating

that the R413X allele impairs protein expression. If trans-

lated, PKP2R413X would produce a 45-kDa peptide. We did

not observe a truncated PKP2 protein (Figures 6A and

6B), suggesting that the PKP2R413X protein is not synthe-

sized or is unstable. Quantification of PKP2mRNA demon-

strated reduced transcript levels in PKP2R413X/+ cells, sug-

gesting the mutant allele undergoes nonsense-mediated

RNA decay. Together, these data suggest that phenotypic

defects in PKP2R413X/+ hiPSC-CMs are caused by a haploin-

sufficiency of PKP2. SB did not alter PKP2 transcript or pro-

tein levels, indicating that it affects downstream processes

rather than expression of the mutant allele.

Next, we examined the level of junctional proteins

(Figures 6C–6F). N-cadherin expression in either cytosolic or

membrane fractions was not significantly altered by PKP2 ge-

notypeor SB treatment (Figures 6Dand6F left). In veh-treated
(C and D) Representative images of day 9 WT (C) and ACM (D) hiPSC-CM
are magnified in the inset.
(E–G) Quantified values of cytoskeletal organization over 9 days in cult
a-actinin alignment (F), and reduced Z-disc presence (G). Mean ± S
*p < 0.05. Cell pairs were aggregated from four to five independent d
cells, plakoglobin was significantly decreased in the mem-

brane fraction and increased in the cytosolic fraction of

ACM compared withWT (Figures 6D and 6F middle), consis-

tent with impaired desmosome assembly and plakoglobin

membrane localization. SB did not increase plakoglobin in

the membrane fraction in ACMmonolayers. This result con-

trasts with improved junctional plakoglobin localization

observed in ACM cell pairs by immunostaining (Figure 5F),

perhaps reflecting differences in cell junction assembly in

cell pairs and monolayers. CX43 was significantly elevated

in the cytosolic fraction of ACM cells (Figure 6D right), sug-

gesting impaired trafficking ormembrane localization. Corre-

spondingly, CX43 levels were lower in the ACM membrane

fraction (Figure 6F right), although this differencewasnot sta-

tistically significant because of within-group variation.While

SB improved CX43 localization at the junction of ACM cell

pairs, we did not detect a significant effect on membrane or

cytosolic fractionsofmonolayers, againsuggestingdifferences

in cell junction assembly between cell pairs and monolayers.

SB enhances canonicalWnt signaling by stabilizing cyto-

plasmic or nuclear b-catenin, the effector of Wnt signaling

(Zhurinsky et al., 2000). Nuclear b-cateninwas significantly

decreased inACMhiPSC-CMs comparedwith isogenic con-

trols, consistent with reduced canonical Wnt signaling

(Figures 6G and 6H). Cytoplasmic b-catenin was elevated

in ACM hiPSC-CMs compared with WT, suggesting im-

paired nuclear localization. SB treatment of ACM hiPSC-

CMs significantly reduced cytosolic and significantly

increased nuclear b-catenin, confirming activation and

normalization of Wnt/b-catenin signaling. Increased nu-

clear b-catenin was also observed in WT hiPSC-CMs.

Consistent with prior studies (Asimaki et al., 2014; Chelko

et al., 2016), these data indicate that SB increases canonical

Wnt signaling in ACM hiPSC-CMs, which likely contrib-

utes to improved cell-cell junction assembly in ACM cell

pairs. We also note increased canonical Wnt signaling in

WT hiPSC-CMs, which may impair their maturation and

cell-cell junction assembly.

SB rescued calcium wave velocity in ACM hiPSC-CM

tissues

AhallmarkofACM,particularly in its early concealedphase, is

arrhythmia out of proportion to clinically apparent structural

remodeling (Austin et al., 2019). Tomodel arrhythmogenesis

in ACM, we engineered tissues using isogenic WT and ACM

hiPSC-CMs to quantify changes to cardiac propagation

in vitro.We engineeredbiomimetic tissueswithmicro-molded
cell pairs with skeletonized a-actinin images below. Boxed regions

ure. ACM cell pairs showed slower F-actin alignment (E), comparable
D. Two-way ANOVA followed by Tukey’s multiple comparison test:
ifferentiations.
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Figure 4. SB restores cytoskeletal integrity in day 6 and 9 ACM hiPSC-CMs
(A–F) Day 6 WT and ACM hiPSC-CM cell pairs treated with DMSO (veh) or SB. Representative images of cell pairs stained for F-actin (green)
and a-actinin (red), with corresponding skeletonized fibrils pseudo-colored based on angular orientation.
(E) Quantified values for cytoskeletal organization (F-actin and sarcomere OOP) were unaffected, but modest improvement to sarcomere
formation (z-disc presence) was observed in ACM + SB (F).

(legend continued on next page)
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ridges to promote hiPSC-CM alignment (Lee et al., 2022). An

elongated, narrow neck in the tissues (Figures 7A and 7B) was

designed to establish a favorable electrical source-sink rela-

tionship and enhance Ca2+ wave propagation into the neck.

ACM or isogenicWTcontrol hiPSC-CMs seeded on these sub-

stratesweregrowntoconfluence for6 to9days toallowforcell

junction formation (Figure S7). We electrically paced the tis-

sues by point stimulation at the larger base and recorded

Ca2+ wave propagations through the neck using a Ca2+-sensi-

tive fluorescent dye, X-Rhod-1. Ca2+ wave velocities of WT

hiPSC-CM tissues averaged 15.4 ± 3.0 cm/s at day 6 and

21.4± 5.6 cm/s at day 9 (Figures 7C and 7D;Movie S1). These

velocities are substantially higher than similar monolayer tis-

sues without geometric constraints (Park et al., 2019) and

comparable with velocities recorded from three-dimensional

engineered heart tissue (Chang et al., 2022; Zhang and Pu,

2018). In comparison, ACM tissues exhibited significantly

slower average Ca2+ wave propagation velocities at both

day 6 (7 ± 2.9 cm/s) and day 9 (10.7 ± 3.3 cm/s) (Figure 7D;

Movie S1).

We investigated the effect of SB on Ca2+ wave propaga-

tion in control and ACM tissues. SB did not significantly

affect the propagation velocity of control tissues at either

day 6 or 9 (Figure 7D). In contrast, SB dramatically

increased Ca2+ wave velocities of ACM tissues at day 9 to

18.1 ± 4.8 cm/s, a velocity comparable with controls (Fig-

ure 7D). This increase in propagation velocity of ACM tis-

sues was not observed on day 6, consistent with our obser-

vations in cell pairs that SB significantly changed cell

junction localization on day 9, but not day 6.

We analyzed the effects of SB on cell junction protein

localization in engineered tissues. Immunostaining with

cell junction markers demonstrated that SB improved pla-

koglobin and CX43 localization in ACM tissues from a

diffuse cytoplasmic distribution toward a more distinct

localization around cell borders (Figures S7D and S7F), sug-

gesting that it has similar effects on cell junction protein

localization in ACM tissues and cell pairs. Together, these

results indicate that SB remodeled cell-cell junctions of

ACM hiPSC-CMs and markedly improved Ca2+ propaga-

tion velocity of ACM tissues.
DISCUSSION

In this study, we evaluated the effects of an established

ACM pathogenic variant (PKP2R413X/+) on cell-cell junc-

tions in engineered cardiac tissues. PKP2R413X/+ cells ex-
(G–L) Day 9 WT and ACM hiPSC-CM cell pairs treated with veh or SB.
provements to sarcomere formation in ACM + SB were observed (L). Wh
these metrics (E, F, K, L) in WT cell pairs. Mean ± SD. Two-way ANOVA
were aggregated from three to five independent differentiations.
pressed decreased PKP2 protein, which impaired sarcomere

and cytoskeletal assembly, consistentwith prior studies (In-

oue et al., 2022; Zhang et al., 2021). Our findings further

suggest that PKP2R413X/+ impairs formation of cell-cell junc-

tions in human iPSC-CM models and that these changes

aremitigated by SB’s activation ofWnt/b-catenin signaling.

We leveraged the accessibility of hiPSC-CMs to monitor

the spatiotemporal assembly of human cardiomyocyte

junctions and their derangement by a pathogenic ACM

variant. Cells organize their cytoskeletal architecture in

response to geometric cues in the ECM (Grosberg et al.,

2011). As the cellular architecture develops and cell-cell in-

teractions dominate cell-ECM interactions (McCain et al.,

2012a), the directionality of stresses within the cell

changes, affecting nuclear morphologies (Bray et al.,

2010; Lee et al., 2015). Cytoskeletal alignment also medi-

ates the formation and localization of adherens junctions

between cells, thus regulating desmosome and gap junc-

tion localization (Peters et al., 1994; Saffitz and Kléber,

2004; Vite and Radice, 2014). In healthy hiPSC-CM cell

pairs, ECM-induced actin alignment occurred within 24

h, nuclear elongation, and adherens junction (N-cadherin)

localization at cell junctions by day 6, and gap junction

(CX43) localization by day 9. These processes were all dis-

rupted in PKP2R413X/+ hiPSC-CMs, starting with delayed

actin alignment, then reduced sarcomere and cell junction

formation, and ultimately mislocalization of plakoglobin

and CX43. The alterations to junctions observed at day 9

in ACM cell pairs, characterized by reduced plakoglobin

and CX43 along with preserved N-cadherin, mirror

steady-state observations in human ACM hearts (Asimaki

et al., 2009; Austin et al., 2019).

ACM sequence variants have been associated with

reduced Wnt/b-catenin signaling (Garcia-Gras et al.,

2006; Zhurinsky et al., 2000). Therapeutic intervention

through increased Wnt/b-catenin signaling, via inhibition

of GSK-3, ameliorated ACM phenotypes in zebrafish, rat

cultured cardiomyocyte, and mouse models (Asimaki

et al., 2014; Chelko et al., 2016). Likewise, we observed

reduced Wnt/b-catenin signaling in PKP2R413X/+ mutant

human iPSC-CMs, and this was ameliorated with SB treat-

ment. Specifically, SB induced myofibrillogenesis, restored

mechanical and electrical coupling in PKP2 mutant cell

pairs, and improved Ca2+ wave velocity in PKP2mutant tis-

sues. Our findings suggest that aberrant myofibrillogenesis

and reduced Wnt/b-catenin signaling contribute to mal-

adaptive cell junction formation and abnormalities in exci-

tation-contraction coupling.
Similar trends are observed with more pronounced significant im-
ereas SB improved cytoskeletal integrity in ACM cell pairs, it reduced
followed by Tukey’s multiple comparisons test: *p < 0.05. Cell pairs
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Figure 5. SB normalizes cell junction protein distribution in day 9 ACM hiPSC-CMs
See also Figures S5 and S6. WT or ACM hiPSC-CM cell pairs treated with DMSO (veh) or SB and stained at day 9 for nuclei, a-actinin, and cell
junction proteins.
(A, B, D, E, G, H, J, and K). Representative images and corresponding averaged heatmaps. Yellow arrows indicate junctional localization.
(C, F, I, and L) Quantitative analysis of cell junction protein localization center (left) and distribution (right) in WT or ACM hiPSC-CMs at
day 9. Significantly impaired plakoglobin and CX43 localization in ACM + veh were restored by SB. N-cadherin and PKP2 were unaffected by
SB in ACM hiPSC-CMs. Mean ± SD. Two-way ANOVA followed by Tukey’s multiple comparisons test: *p < 0.05.
Arrhythmias inACMare likely influenced bymultiple fac-

tors, including cell death, fibrofattymyocardial replacement

(Austin et al., 2019), aberrant intracellular Ca2+ homeostasis

(Cerrone et al., 2017), and altered cardiac sodium currents

(Khudiakov et al., 2020; Sato et al., 2009). Our data demon-

strate that ACM strongly reduces Ca2+ wave propagation,

whichwould increasemyocardial vulnerability to re-entrant

arrhythmias. Reduced Ca2+ wave propagation was likely

caused by impaired formation of cell-cell junctions and
1820 Stem Cell Reports j Vol. 18 j 1811–1826 j September 12, 2023
mis-localization of CX43. Previous studies have directly

correlatedCX43 immunofluorescence tocell-to-cell conduc-

tance across cardiomyocytes (McCainet al., 2012b). Treating

PKP2R413X/+ hiPSC-CMs with SB improved CX43 localiza-

tion and restoredCa2+wave velocities in PKP2R413X/+ tissues,

changes that would be anticipated to reduce themyocardial

substrate’s vulnerability to arrhythmia.

In contrast, we observed that GSK-3 inhibition and hy-

peractivation of Wnt/b-catenin via SB impaired the
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C D
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G

H

Figure 6. Abundance of proteins in cytoplasmic, nuclear, and membrane fractions of day 9 hiPSC-CMs
(A and B) See also Figure S7. Capillary western analysis of PKP2 and GAPDH. Relative changes to PKP2 protein and transcript levels with SB
treatment in WT and ACM hiPSC-CMs. Transcript levels were measured by qRT-PCR and normalized to GAPDH.
(C–F) Capillary western analysis of cell junction proteins in cytosolic or membrane fractions. Relative levels of cell junction proteins were
normalized to GAPDH (cytosolic fraction) or SERCA2 (membrane fraction) and expressed relative to WT + veh.

(legend continued on next page)
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structural maturation of healthy hiPSC-CM cell pairs. Hy-

peractivation ofWnt/b-catenin initially disrupted cytoskel-

etal organization and mechanical coupling, followed by

mislocalization of gap junctions inWThiPSC-CMs. Regula-

tion ofWnt/b-catenin signaling is critical for the differenti-

ation of cardiac myocytes, and activation of this pathway

in differentiated WT hiPSC-CMs promoted de-differentia-

tion and proliferation (Buikema et al., 2020). However, in

engineered tissues, we did not observe a deleterious effect

of SB on cytoskeletal organization and cell coupling. This

might suggest that cues in assembled tissues stabilize cell

junctions and antagonize the de-differentiation effect

observed in isolated cells (Buikema et al., 2020) or cell pairs.

Consistent with this interpretation, SB did not adversely

affect WT zebrafish or mice (Asimaki et al., 2014; Chelko

et al., 2016). However, the deleterious effects that we

observed on WT hiPSC-CMs raise concerns about cardiac

effects of long-term exposure to SB. These add to existing

concerns about oncogenic risks (Chelko et al., 2019; Zhan

et al., 2017) and indicate that further studies of this class

of compounds are required to understand their therapeutic

mechanisms and potential adverse consequences in

mature, de facto human cardiomyocytes. It is likely that

other consequences of GSK-3 inhibition by SB also

contribute. GSK-3 plays an integral role in cytoskeletal re-

modeling, and its perturbation modulated focal adhesion

dynamics (Kobayashi et al., 2006), and actin and microtu-

bule organization (Hajka et al., 2021).

In summary, our results demonstrate that PKP2R413X/+ re-

duces Wnt/b-catenin signaling and perturbs cytoskeletal

organization in human iPSC-CMs, leading to abnormal

cell-cell junctions and impaired Ca2+ wave propagation.

Furthermore, SB activated Wnt/b-catenin signaling,

normalized cell-cell junctions, and rescued Ca2+ wave

propagation in human PKP2R413X/+ hiPSC-CM tissues, in-

dependent of changes to PKP2. These findings demonstrate

our capacity to correlate structure-function relationships

across spatial scales from genetic disease-causing variant

to cell pairs and tissues, and to leverage the accessibility

of hiPSC-CMs to analyze cardiomyocyte junction assembly

in vitro. Future studies are required to determine the extent

to which our findings for PKP2R413X/+ extend to other var-

iants in PKP2 and other ACM genes.
EXPERIMENTAL PROCEDURES

Detailed experimental procedures are provided in the supple-

mental experimental procedures.
(G and H) b-Catenin in cytosolic, nuclear, and membrane fractions wa
LMNB1 (nuclear fraction), GAPDH (cytosolic fraction), or SERCA2 (mem
way ANOVA followed by Tukey’s multiple comparisons test: *p < 0.05
pendent differentiations.
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Resource availability
Requests for resources and reagents will be fulfilled by the corre-

sponding authors.
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Pu (william.pu@cardio.chboston.edu)

Data and code availability

Analysis code generated and used in this study are available at

https://doi.org/10.5281/ZENODO.7120682.
hiPSC-CM differentiation, culture, and

micropatterning
The reference cell line WTC-Cas9 was derived from WTC-11

hiPSCs by inserting a doxycycline-inducible SpCas9 transgene

(WTC-Cas9). The pathogenic PKP2R413X/+ (PKP2 c.1237C>T)

variant was introduced by CRISPR-Cas9 genome editing (Wang

et al., 2017). Oligo sequences used are provided in Table S1. Cardi-

omyocytes were differentiated from iPSCs usingWNTmodulation

(Lian et al., 2013) (Figure S2A).

PDMS stamps, created by photolithography (array of 14:1 rectan-

gles 211 mm3 15 mm) were used tomicrocontact print ECM (fibro-

nectin, Geltrex, or 1:1 fibronectin:Geltrex) onto PDMS-coated

glass coverslips Figure S1). PDMS stamps (25-mm wide ridges,

4-mm grooves, and 5-mm groove depth) were used to micromold

gelatin on a glass coverslip within a laser-cut acrylic mold, by

modification of previously published protocols (Lee et al., 2022).
Ca2+ optical mapping and propagation velocity

calculation
Samples were loaded with 2 mM X-Rhod-1 AM (Invitrogen,

X14210). Relative cytoplasmic Ca2+ was imaged using a modified

tandem-lens macroscope as described previously (Park et al.,

2019) under 1 Hz electrical point stimulation. Data were analyzed

using MATLAB (MathWorks) and the MiCAM imaging software

(Scimedia) (Lee et al., 2022).
Immunostaining and data analysis
Samples were immunostained and imaged on a spinning disk

confocal microscope (Olympus IX83, Andor spinning disk). Images

were analyzed to quantify OOP and cytoskeletal alignment using

previously published methods (Pasqualini et al., 2015; Sheehy

et al., 2014;Wang et al., 2014), with slightmodifications. Image pre-

processing was performed with ImageJ/FIJI using the tubeness and

OrientationJ plugins. Preprocessed imageswere thenanalyzedusing

MATLAB scripts (Pasqualini et al., 2015).

Protein localization analysis and heatmaps were performed using

automated ImageJ/FIJI and MATLAB image processing scripts

(Kim, 2022). Acquired cell pairs expressed sarcomeric a-actinin, a

cardiomyocyte marker, covered most of the patterned area, and
s measured by capillary western. Relative b-catenin was normalized
brane fraction) and expressed relative to WT + veh. Mean ± SD. Two-
. Data represent three technical replicates from two to three inde-

mailto:kkparker@g.harvard.edu
mailto:william.pu@cardio.chboston.edu
https://doi.org/10.5281/ZENODO.7120682


A

B

C D

Figure 7. Ca2+ wave propagation velocity is reduced in ACM tissues and restored by SB
(A) Schematic illustration of engineered tissue fabrication.
(B) Design of tissue constructs for Ca2+ optical mapping experiments. Representative images of anisotropic tissues stained for sarcomeric
a-actinin and nuclei demonstrate iPSC-CM alignment by micro-molded gelatin substrate.
(C) Calcium wavefront isochrone maps for day 9 WT + veh, WT + SB, ACM + veh, and ACM + SB tissues at two representative time points (35
and 80 ms).
(D) Ca2+ wave propagation velocities of WT and ACM tissues at day 6 and day 9, with and without SB treatment. Mean ± SD. Two-way ANOVA
followed by Tukey’s multiple comparisons test: *p < 0.05.
contained two distinct nuclei. Cell junctionmarkers were not used

to decide to include or exclude a cell pair. Cells with nuclei <50 mm

apart and horizontal cytoskeletal filaments spanning across both

nuclei were excluded as likely binucleated cells.

Statistical analysis
Bar graphs indicate mean ± SD. Boxplots represent the interquartile

range andmedian (box and center line) and 1.5 times the interquar-

tile range (whiskers). Statistical analysis across calculated values

were conducted using one-way ANOVA or two-way ANOVA fol-

lowed by Tukey’s honest significant difference test or test for multi-

ple comparisons using OriginPro (ver 2023, OriginLab Corpora-

tion). Statistically significant p values (p < 0.05 and p < 0.1) are

indicated within the graphs where appropriate.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2023.07.005.
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SUPPLEMENTAL MATERIALS 

SUPPLEMENTAL FIGURES 

Figure S1. Shape-controlled cell pair substrates for hiPSC-CMs. Related to Fig. 1. (A) Graphical overview of 
the process of microcontact printing to induce cell pair formation. ECM protein coated PDMS stamps are patterned 
onto PDMS coverslips containing and array of 14:1 aspect ratio rectangles. (B) Representative image of WT hiPSC-5 
CMs grown on PDMS coated coverslips for 6 days post differentiation, stained with a cell mask and Hoescht for 
size analysis. (C) hiPSC-CM cell area analysis shows an average size of 1600 µm2. N = 52 cells across 6 samples. 
(D) Representative image of a microcontact printed substrate stained with fibronectin with dimensions from CAD 
(computer-aided designs) images. (E) Representative coverage images using 4 different combinations of 184 
PDMS and 527 PDMS with varying substrate stiffnesses. (F) Representative fluorescent images of hiPSC-CMs on 10 
microcontact printed substrates with various extracellular matrix proteins and their concentrations. (G) Cell coverage 
calculated as the total fluorescent actin area, relative to theoretical fibronectin printed values from the CAD design. 
N = 6 coverslips; > 100 field of views; 2 batches; *P < 0.05 by one-way ANOVA.   
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Figure S2. Quantitative metrics for assessing hiPSC-CM cell pair structural quality. Related to Fig. 1. (A) 
Schematic representation of the iPSC to iPSC-CM differentiation timeline and cell culture conditions. (B) 15 
Representative image of a cell pair immunostained for α-actinin (red), N-cadherin (white), and Nuclei (DAPI, blue). 
Graph below indicates the corresponding fluorescent intensity plotted across the cell pair with distance on the X-
axis. (C) To calculate cell junction protein localization center and distribution, the normalized intensity profile for 
each cell pair was averaged across each cell pair. A Gaussian curve was fitted on the intensity profile to calculate 
the peak center (μ) and width (σ), defined as the Gaussian standard deviation. (D-E) Representative image of a 20 
hiPSC-CM cell pair immunostained for F-actin (green), α-actinin (red), and nuclei (DAPI, blue). Computed 
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skeletonized F-actin or α-actinin images are shown below, pseudo-colored based on angular fibril orientation. (F) 
Cartoon depicting cytoskeleton organization metrics. (G) Representative images illustrate relative coverages of two 
different WT cell pair patches. (H) Cytoskeletal organization metrics F-actin OOP, sarcomere OOP, and Z-disc 
presence calculated per batch for day 6 cell pairs. Cell pair cytoskeletal organization was consistent regardless of 25 
number of cells attached onto a substrate across multiple batches. Mean ± SD with statistically significant P-values 
(*P<0.05) indicated by one-way ANOVA followed by Tukey’s HSD test.  

  



 

4 
 

Figure S3. Pleomorphic structure of unpatterned hiPSC-CMs. Related to Fig. 1. (A) Representative 
unpatterned hiPSC-CMs were immunostained for F-actin (green), α-actinin (red), and nuclei (DAPI, blue) at day 1, 30 
3, 6, or 9 on PDMS substrates. Scale bar, 50 μm. (B) F-actin and sarcomeric α-actinin OOP values of WT hiPSC-
CMs without shape constraint (unpatterned, grey) or with constraint into cell pairs (patterned, red; WT data from 
figure 3). Patterned cell pairs had significantly greater organization at all time points examined. (C) Nuclear aspect 
ratios of pleomorphic unpatterned hiPSC-CMs and shape-controlled hiPSC-CM pairs over 9 days. (D) Nuclei of 
patterned cell pairs were aligned with the horizontal axis (the cell long axis), whereas nuclei of unpatterned cells 35 
did not exhibit a predominant nuclear orientation. Nuclear angle distribution was measured at day 9. Plots show 
mean ± SD with statistically significant P-values (*P<0.05) indicated by two-way ANOVA followed by Tukey’s 
multiple comparisons test. N = 5, 15, 14, 9 field of views for UNP and 54, 86, 103, 69 cell pairs for patterned cells 
on days 1, 3, 6, and 9. 
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Figure S5. Effect of SB216763 treatment on WT and ACM hiPSC-CM pairs on day 6. Related to Fig.  5. WT 
or ACM hiPSC-CM pairs were treated with SB216763 or DMSO for 6 days. (A, C, E, G) Average localization 
heatmaps for the indicated junctional proteins on day 6. Yellow arrows indicate junctional localization and N, number 
of cell pairs analyzed over 3-5 independent differentiation batches. Quantitative analysis of N-cadherin (B), 60 
plakoglobin (E), and CX43 (F) localization at day 6 of culture with or without SB216763. Plots show mean ± SD. 
Statistically significant P-values (*P<0.05, by two-way ANOVA including Tukey’s multiple comparisons test) are 
indicated.  
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Figure S6. Analysis of hiPSC-CM pairs from an independent PKP2R413X/+ ACM hiPSC line (clone 93). Related 
to Fig. 5. To validate observations made in the main ACM line (PKP2R413X/+ clone 98), we studied a second line, 65 
clone 93. Measurements were made on day 9. WT data is from Figure 4 and 5. (A-C) Average localization heatmaps 
for the indicated junctional proteins. N, number of cell pairs analyzed. (D-F) Quantitative analysis of N-cadherin (D), 
Plakoglobin (E), and CX43 (F) localization. (G-J) Representative images of cell pairs stained for F-actin (green) and 
α-actinin (red). Images below show corresponding skeletonized fibrils, pseudo-colored based on angular orientation. 
(K-M) Quantified cytoskeletal structural metrics. Consistent with findings for ACM clone 98, SB216763 improved 70 
sarcomere OOP and Z-disc presence in ACM clone 93. Graphs show mean ± SD. Statistically significant P-values 
(*P<0.05 by two-way ANOVA including Tukey’s multiple comparisons test) are indicated.  
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Figure S7. hiPSC-CM tissues immunostained for junctional proteins. Related to Fig. 7. (A-F) Representative 
images of day 9 hiPSC-CM tissues immunostained for sarcomeric α-actinin (red), nuclei (DAPI blue), N-cadherin 
(white) in WT (A) and ACM (B), plakoglobin (white) in WT (C) and ACM (D), CX43 (white) in WT (E) and ACM (F) 75 
with vehicle (upper panels) and SB216763 treatment (lower panels). Scale bar represents 30 μm, and yellow arrows 
indicate distinct plaques of protein expression on cell edges.   
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Target Purpose Direction Sequence 
PKP2 
c.1237C>T 

guide RNA -- 5’TTCTAATACGACTCACTATAGACGTTCAGCGA 
GCTGTGTGT GTTTTAGAGCTAGA-3’ 

PKP2 
c.1237C>T 

donor 
template 

-- 5’TGTTGTCATTGTCTTCAAATACTAAGTTTCTCA 
AGGCTCCACACACTGCTCACTGAACGTCTTCAT 
TCTGAACTTTTAGGAGCTGCAGAAGCTTGAGGAT-3’ 

PKP2R413 genotyping For 5’-GAAAAAGAGATGATGTAAGGCATCTGG-3’ 
Rev 5’-GTTGTGCTACACATAGTTGTTGATGA-3’ 

OXSR1 off-target For  5’-TTGGTCGCCATGCTTAGTGT-3’ 
Rev 5’-CCTCGCCTCCTGCTCCTC-3’ 

PLXNA1 off-target For 5’-CAGGGTCACCAGATCTGCC-3’ 
Rev 5’-CTGGGCGGATGGGGAGAC-3’ 

SDF4 off-target For  5’-AGCAGACAGGGAGGGGTG-3’ 
Rev 5’-GGCACTGCCTCTGGGTGT-3’ 

 
Table S1. Nuclei acid sequences used for gene editing, genotyping, and analysis of off-targets. Related to 
Fig. 2. PKP2R413X is caused by a single nucleotide polymorphism at PKP2 c.1237C>T. The underlined sequence 80 
in the guide RNA represents the target sequence for gene editing which is flanked by the T7 promoter (5’-) and 
the SpCas9 scaffold (-3’) sequence. The donor template is designed antisense to the PKP2 locus and harbors 
three mutations: (1) the pathogenic PKP2 c.1237C>T mutation (red), (2) a silent mutation at PKP2 c.1242T>A 
(blue) to create a unique BstaI restriction enzyme site, and (3) a silent mutation at PKP2 c.1251G>A to ablate the 
guide RNA protospacer motif (green). PKP2R413X primers amplify a 400bp fragment of PKP2 exon 5 flanking the 85 
region targeted for gene editing. Primers for OXSR1, PLXNA1, and SDF4 amplify 300-400bp fragments at 
predicted off target sites. 
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES 90 

hiPSC-CM differentiation and culture 

WTC-11 hiPSCs were obtained from the Coriell Institute (cat# GM252526) and genetically modified to 
express a doxycycline-inducible SpCas9 transgene in the AAVS1 safe harbor locus (called WTC-Cas9). In brief, 
the WTC-Cas9 line was created by transfecting pAAVS1-PDi-CRISPRn (Addgene #73500) and pSpCas9(BB)-2A-
GFP (PX458) (Addgene #48138) in WTC-11 hiPSC and selecting for GFP positive clones with successful transgene 95 
integration. hiPSCs were maintained in Essential 8 (E8) medium (A1517001, Thermo Fisher). Isogenic hiPSCs 
harboring the pathogenic PKP2R413X/+ (PKP2 c.1237C>T) variant were engineered using the CRISPR-Cas9 genome 
editing system as described previously 1. In brief, a guide RNA (gRNA) was designed to target exon 5 of the human 
PKP2 locus (Table S1) and in vitro transcribed using the EnGen sgRNA synthesis Kit (NEB, E3322S). A 100-nt 
donor template was then designed (Table S1) anti-sense to the gRNA and containing three sequence alterations: 100 
(1) the pathogenic PKP2 c.1237C>T variant, (2) a silent change at PKP2 c.1242T>A to create a unique BstaI 
restriction site for positive clone screening and (3) a silent variant at PKP2 c.1251G>T to prevent cleavage by the 
gRNA. At 50% confluency, Cas9 expression was induced in WTC-Cas9 hiPSCs by supplementing culture media 
with 2 µg/ml doxycycline (Sigma, D3072) for 18 hours. WTC-Cas9 hiPSCs were then electroporated with 5 µg 
purified gRNA and 5 µg donor template using an Amaxa Nucleofector system (Lonza). At 48 hours post-transfection, 105 
cells were sparsely seeded on a 10 cm plate for colony expansion and selection. Positive clones were verified using 
Sanger and amplicon sequencing. Potential gRNA off-targets were predicted using CHOPCHOP 
(https://chopchop.cbu.uib.no) 2 and three of the top predicted exon-coding off-targets were assessed by Sanger 
sequencing (Table S1). hiPSC pluripotency was verified by expression of OCT4 and SOX2. Karyotypes were 
assessed by copy number variation using the nCounter Human Karyotype Panel (NanoString Technologies). 110 

To induce cardiomyocyte differentiation, we used WNT modulation 3 (Figure S2 A). hiPSCs were grown to 
40-50% confluency. To induce differentiation, on differentiation day 0 (dd0) hiPSCs were cultured in RPMI 1640 
medium (61870127, Thermo Fisher) supplemented with B27 minus Insulin (A1895601, Thermo Fisher) and 6 µM 
CHIR99021 (72054, StemCell Technologies). Cells were switched to RPMI/B27 and then RPMI/B27 supplemented 
with 5 µM IWR-1 endo (72564, StemCell Technologies) on dd2 and dd3, respectively. On dd5, cells were switched 115 
to RPMI/B27. On dd20, hiPSC-CMs underwent negative selection using 5 mM sodium DL-lactate (L7900, Sigma-
Aldrich) for 2 – 4 days. After 30 days of differentiation, cells were dissociated by incubating with Accutase (7920, 
StemCell Technologies) for 30 minutes at 37°C. Cells were resuspended and pooled in equal volumes of 
Cardiomyocyte Support Medium (5027, StemCell Technologies), centrifuged, and resuspended for counting. Cells 
were then seeded onto PDMS coated shape-controlled substrates. For experiments involving SB216763 treatment, 120 
hiPSC-CMs were seeded and cultured in RPMI/B27 supplemented with 2.5 µM SB216763 or vehicle (DMSO) daily 
for 6 or 9 days. 

PDMS substrate fabrication and cell pair microcontact printing 

Microcontact printing for inducing cell pair formation has been reported previously 4–6. Here we modified 
and optimized the protocols to tailor them for hiPSC-CMs (Figure S1). Photolithography masks with the desired 125 
pattern (array of 14:1 rectangles 211 µm x 15 µm for cell pairs and an array of 25 µm x 4 µm lines for engineered 
tissues) were drawn up in computer-aided design (CAD) format and converted to photomasks (Outputcity). A thin 
layer of SU-8 3005 photoresist was spin coated onto silicon wafers (Wafer World) and selectively polymerized by 
UV-light through the photomasks. The exposed wafers were developed using propylene glycol methyl ether acetate 
(PGMEA, Sigma). Polydimethylsiloxane (PDMS, Sylgard 184; Dow Corning) was cast and cured on the silicon 130 
wafers to create PDMS stamps for microcontact printing. PDMS coated coverslips were prepared by spin coating a 
1:1 mix of 184 PDMS (10:1 base to curing agent) and 527 PDMS (1:1 part A and part B) onto glass coverslips. 
PDMS coated coverslips were treated for 8 mins in a UV Ozone cleaner (Jelight) immediately before microcontact 
printing with PDMS stamps incubated for an hour with fibronectin (FN) (50 µg/mL, BD Biosciences), LDEV-free 
GelTrex (GT) (1:200 dilution from stock, A1413302, Thermo Fisher), or a 1:1 mixture of these solutions. PDMS 135 
stamps upon contact were then removed, and the coverslips were incubated with room temperature 1% (w/v) 
Pluronic F-127 (BASF) for 10 minutes to prevent cell adhesion on unpatterned regions (Figure S1 D). After washing 
3 times with phosphate-buffered saline (PBS, Invitrogen), coverslips were ready for cell plating. Fully dissociated 
hiPSC-CMs were then seeded at a density of 1E5 cells/ml in a 12 well plate. 
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Engineered tissue fabrication 

Micro-molded gelatin tissues were fabricated by modification of previously published protocols for 
fabrication of gelatin muscular thin films 7. A double layer of laboratory tape (General-Purpose Laboratory Labeling 
Tape, VWR) was affixed to an 18 mm square glass coverslip (Corning) or 1 mm thick Clear Scratch- and UV-145 
Resistant Acrylic Sheet (McMaster-Carr) and an array of three tissue outlines (Figure 5 A) were laser cut with an 
Epilog Mini laser. The tissue chips were removed with tweezers, submerged in bleach for 10 minutes and washed 
with 70% ethanol for 30 min to remove any remaining residue. The chips were then washed with PBS three times 
and dried. A solution of 20% w/v gelatin (Sigma Aldrich) and 8% w/v microbial transglutaminase (MTG, Ajinomoto) 
were prepared with PBS and dissolved for 30 min at 65°C or 37°C, respectively. 5 ml of each solution (final 150 
concentration 10% w/v or 4% w/v total, respectively) were mixed and a 300 µl aliquot of the mixture was pipetted 
onto each tissue chip. PDMS stamps containing lines of 25 mm wide ridges, 4 mm grooves, and 5 mm groove depth 
were placed on top of the gelatin mixture aliquot and lightly pressed down with a 200 g scale calibration weight. 
These tissue chips were stored overnight at room temperature to cure, inside a glass container to prevent full 
dehydration. Then the calibration weights were removed, and the tissue chips were immersed in PBS for 30 min for 155 
rehydration and easy removal of PDMS stamps. These tissue chips were then submerged in 70% ethanol for 10 
minutes under the UV light. The chips were then rinsed 3 times with PBS again and coated with a 1:100 dilution of 
GelTrex at 37°C for 1 hr or 4°C overnight. Fully dissociated hiPSC-CMs were then seeded at a density of 1E6 
cells/ml for a total of 2E6 cells per well in a 12 well plate. 

Ca2+ optical mapping and propagation velocity calculation 160 

To prepare tissue substrates for Ca2+ optical mapping, day 6 and day 9 samples were incubated with 2 μM 
X-Rhod-1 AM (Invitrogen, X14210) in RPMI/B27 for 60 minutes at 37°C followed by dye-free media for an additional 
15 minutes at 37°C. Relative cytoplasmic Ca2+ was imaged using a modified tandem-lens macroscope as described 
previously 8. Videos were acquired at 400 frames per second using a high-speed camera (MiCAM Ultima, Scimedia) 
through a plan APO 0.63x or 1x objective, a collimator (Lumencor) and a 200-mW mercury lamp for epifluoresence 165 
illumination (X-Cite exacte, Lumen Dynamics). A filter set (excitation filter: 580/14 nm, dichroic mirror: 593 nm cut-
off, emission filter 641/75, Semrock) was used for imaging. Propagation velocities were calculated based on post-
processed data using MATLAB (MathWorks) and the MiCAM imaging software (Scimedia) 7. A spatial filter of 3 x 3 
pixels was applied to improve the signal-to-noise ratio, and the activation time of each pixel was calculated by the 
derivative of the fluorescent intensity (the average maximum upstroke slope) over a 10 second recording window. 170 
The propagating velocity was quantified in the narrow 3 to 5 mm region of the tissue while electrically pacing the 
tissues at 1 Hz with an IonOptix myopacer (10V amplitude, 10 ms pulse width) using two platinum electrodes 
(Sigma-Aldrich) with 1 mm spacing.  

Immunostaining of hiPSC-CM cell pairs and tissues  

Substrates were washed with PBS several times before fixation with 4% (v/v) paraformaldehyde with 0.05% 175 
(v/v) Triton X-100 in PBS for 10 minutes. To block non-specific binding, samples were incubated with 5% (w/v) 
bovine serum albumin (BSA) in PBS for 30 minutes. Samples were then incubated with primary antibodies against 
fibronectin (1:500; ab2413 abcam), sarcomeric a-actinin (1:500; ab9465 abcam), N-cadherin (1:500; ab76057 
abcam), g-catenin (1:500; MAB2083 Millipore), PKP2 (1:500; MABT394 Millipore), or CX43 (1:500; C6219 Sigma), 
in 1% (w/v) BSA in PBS overnight at 4°C. Alexa Fluor 488, 546, or 633 secondary antibodies (1:200 Invitrogen), 180 
DAPI (1:200 Invitrogen), and Alexa Fluor 488 or 633 conjugated Phalloidin (1:200 Invitrogen) were further incubated 
at room temperature for an hour and washed with PBS before mounting onto microscope slides with Prolong Gold 
anti-fade agent (Invitrogen). Slides were dried overnight and stored at 4°C until imaging on a spinning disk confocal 
microscope (Olympus IX83, Andor spinning disk).  

Image extraction and Orientational Order (OOP) analysis  185 

Image analysis to quantify OOP and cytoskeletal alignment were conducted with slight modifications to 
previously published methods 9–11. Cytoskeletal actin and sarcomere OOP represent the overall angular alignment 
of processed fibrils, and Z-disc presence represents the fraction of cytoskeletal elements oriented in the orthogonal 
direction to the actin cytoskeleton (Figure S3 E). Preprocessing of images were performed with ImageJ/FIJI using 
the tubeness and OrientationJ plugins. Preprocessed images including the orientations of filamentous structures 190 
were then collated and the respective calculations conducted through MATLAB (Mathworks) 9.  

Intercalated disc junctional localization metrics analysis  
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Image analysis for creating heatmaps and calculating protein localization were conducted through 
automated image processing scripts on ImageJ/FIJI and MATLAB 12. Acquired cell pairs expressed sarcomeric a-
actinin, a cardiomyocyte marker, covered most of the patterned area, and contained two distinct nuclei. Cell junction 195 
markers were not used to decide to include or exclude a cell pair. Suspected binucleated cells were excluded based 
on the criteria of nuclei being less than 50 μm apart, with horizontal cytoskeletal filaments spanning across both 
nuclei. Cell pairs were first automatically rotated and centered based on their fluorescent actin channel. For creating 
averaged heatmaps, auto-contrasting was applied across stacks of cell pairs and converted into a composite that 
depicted the average localization and distribution of a select protein (Figure S2 C). Sum Z-projections were then 200 
applied and pseudo-colored using a Royal lookup table where white represents completely saturated pixels. For 
calculating numerical quality metrics ranging from 0 to 1, individual fluorescent profiles of each channel were 
exported and analyzed separately. The 2D fluorescent intensity profile of the cell pair was split into a profile for each 
cell and averaged, with distance 0 representing the cell edge and 1 representing the cell junction (Figure S3 A and 
B). A Gaussian curve was then fitted on top of the averaged per cell intensity profile to extract values for the center 205 
of the curve and one standard deviation (the distribution/width). Calculated values for intensity center and 
distribution were tabulated and graphed.  

Capillary westerns with subcellular fractionation for protein localization 

Two million hiPSC-CMs were cultured in monolayers and treated with vehicle (DMSO) or 2.5 µM SB216763. 
On day 9, cells were harvested using Accutase and sub-cellular fractionation was performed using the Subcellular 210 
Protein Fractionation Kit (Thermo #78840). Protein samples (400 ng/lane) were analyzed by capillary western 
(ProteinSimple Wes device). Primary antibodies used were against N-cadherin (Invitrogen#33-3900, 1:100); 
plakoglobin (Millipore #MAB2083, 1:200); PKP2 (Millipore #MABT394, 1:300); CX43 (Abcam #ab11370, 1:400); 
GAPDH (Thermo# PA1-16777, 1:400); β-catenin (Abcam #ab32572, 1:400); Lamin B1 (Cell signaling #12586S, 
1:1000); SERCA2 (Cell Signaling Technology #9580S, 1:400). Blots were normalized with respect to loading 215 
controls, GAPDH for cytosolic, LMNB1 for nuclear, and SERCA2 for membrane fractions. N-cadherin (CDH2) 
undergoes a series of post-translational modifications in its way to the cell membrane. Both 80 kDa and 100 kDa 
bands represent CDH2 still undergoing post-translational modification. Mean intensity values for both bands were 
combined before normalization to respective GAPDH bands. 

Quantitative RT-PCR 220 

hiPSC-CMs were seeded into 48-well plates at 100,000 cells per well and maintained for one week in 
RPMI/B27 medium. First-strand cDNA synthesis was then performed directly from cells using the FastLane Cell 
cDNA kit (215011, Qiagen) per manufacturer’s instructions. Quantitative RT-PCR (qRT-PCR) was performed using 
Power SYBR Green PCR Master Mix (4368708, ThermoFisher) per manufacturer’s instructions on a BioRad 
CFX384 qPCR Real-Time PCR machine. Relative levels of PKP2 transcripts were determined using the 225 
comparative C(T) method 13 and normalized to levels of GAPDH. Gene-specific primers used for qRT-PCR are 
found in Table S1.  

Statistical analysis 

Bar graphs indicate mean ± SD. Box plots represent the interquartile range and median (box and center 
line) and 1.5 times the interquartile range (whiskers). Statistical analysis across calculated values were conducted 230 
using one-way ANOVA or two-way ANOVA followed by Tukey’s HSD test or test for multiple comparisons. 
Statistically significant P-values (P<0.05 and P<0.1) are indicated within the graphs where appropriate. 
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