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Progressive loss of cardiac systolic function in arrhythmogenic cardiomyopathy (ACM) has recently gained attention
as an important clinical consideration in managing the disease. However, the mechanisms leading to reduction in
cardiac contractility are poorly defined. Here, we use CRISPR gene editing to generate human induced pluripotent
stem cells (iPSCs) that harbor plakophilin-2 truncating variants (PKP2tv), the most prevalent ACM-linked mutations.
The PKP2tv iPSC-derived cardiomyocytes are shown to have aberrant action potentials and reduced systolic
function in cardiac microtissues, recapitulating both the electrical and mechanical pathologies reported in
ACM. By combining cell micropatterning with traction force microscopy and live imaging, we found that PKP2tvs
impair cardiac tissue contractility by destabilizing cell-cell junctions and in turn disrupting sarcomere stability
and organization. These findings highlight the interplay between cell-cell adhesions and sarcomeres required for
stabilizing cardiomyocyte structure and function and suggest fundamental pathogenic mechanisms that may be

shared among different types of cardiomyopathies.

INTRODUCTION

Arrhythmogenic cardiomyopathy (ACM), previously called
arrhythmogenic right ventricular cardiomyopathy/dysplasia, is a
heritable disorder of cardiac muscle affecting an estimated 1 in 1000
to 1 in 5000 people and is a major cause of sudden cardiac death,
particularly in young adults (1). ACM is characterized pathologically
by fibrofatty replacement of myocardium and clinically by promi-
nent ventricular arrhythmias, ventricular dilation, and decreased
systolic function (I, 2). In the past decade, genetic characterization
of ACM has revealed that more than half of documented cases are
associated with pathogenic variants in genes encoding desmosomal
proteins, of which the most commonly mutated gene is PKP2,
which encodes the protein plakophilin-2 (PKP2) (3, 4).

Recent efforts have focused on the mechanisms by which patho-
genic variants in desmosomal genes might cause pathological and
clinical features of ACM. Studies investigating the relationship
between defective PKP2 and arrhythmias have demonstrated a role
for PKP2 in regulating gap junction formation, sodium channel
function, and intracellular calcium cycling (5-12). Signaling pathways
including canonical and noncanonical Wnt signaling, the Hippo-Yes-
associated protein (YAP) pathway, and transforming growth factor-p
signaling have been shown to be involved in the fibrofatty deposition
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caused by PKP2 pathogenic variants (9, 13-16). In contrast to these
advances, relatively little attention has been given to the mechanisms
by which pathogenic variants in desmosomal genes lead to the
ventricular dilation and decreased systolic function associated
with ACM.

Desmosomes are a type of intercellular junction that connect
intermediate filaments in neighboring cardiomyocytes (CMs),
providing structural and mechanical integrity to cardiac muscle (17).
On the basis of the role of desmosomes in mechanically coupling
CM:s, it has been postulated that pathogenic variants in desmosomal
genes lead to weakened adhesion between CMs and a resulting
predisposition to injury and detachment during contraction, thereby
triggering secondary mechanisms such as CM loss, compensatory
fibrosis, progressive ventricular dilation, and decreased systolic
function (3). Earlier studies demonstrated decreased cell-cell
adhesion in cultures of epithelial or HL-1 CM-like cells following
knockdown of desmosomal genes or overexpression of ACM-causing
mutations (18). Whether these decreases in cell-cell adhesion affect
CM health or contractile function remains uncertain. Characterizing
these biophysical mechanisms in specialized engineered platforms
using cultured cells was problematic until recently (19-22).

Advances in human induced pluripotent stem cell (iPSC) tech-
nology, including efficient differentiation of iPSCs into CMs (iPSC-CMs),
have provided a new source of human CMs to study clinically
relevant mutations. Patient-derived iPSC-CMs harboring patient-
specific gene variants serve as a good system for disease modeling
with iPSC-CMs generated from healthy probands frequently used
as controls for experiments (23-25). However, this approach is of
limited use for establishing causal relationship between specific
mutations and functional phenotypes because different iPSC lines
have different genetic backgrounds. Recently, CRISPR-mediated
genome editing technology has generated considerable excitement
with its efficiency and reliability to make precise, targeted changes
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to the genome of living cells and has allowed for the generation of
isogenic controls and patient-specific mutations in iPSC-CMs. This
approach creates an experimental model that is ideally controlled
for in vitro modeling of various cardiomyopathies, shedding new
light on molecular mechanisms contributing to the pathogenesis of
diseases (26-29).

In this work, we harness these recent advances in human iPSC,
CRISPR gene editing, and engineered culture platforms to develop
a model of ACM with PKP2 truncating variants (PKP2tvs), the most
prevalent type of pathogenic variants in ACM. CMs differentiated
from these PKP2tv-harboring iPSCs recapitulated aberrant expres-
sion and localization of junctional components and electrical features
that are characteristic of ACM. We then show that PKP2tvs also
impair cardiac tissue contractility, recapitulating systolic dysfunc-
tion observed in ACM. Furthermore, we delve into the pathogenic
mechanisms underlying systolic dysfunction and uncover that
PKP2 truncations lead to impaired force generation in multicellular
syncytia by destabilizing cell-cell junctions and in turn disrupting
sarcomere stability and organization.

RESULTS

CRISPR-engineered human iPSC-CMs with PKP2tvs
demonstrate electrical and mechanical aberrations
characteristic of ACM

Truncating variants in the PKP2 gene represent 70 to 90% of all
PKP2 variants associated with ACM (30-32). Pathogenic truncations
at the head domain of PKP2, such as p.R79X and p.Q133X, have
been reported in the literature in multiple individuals and families
affected with ACM (33). To mimic these pathogenic variants, we
used CRISPR-Cas9-mediated gene editing to create isogenic iPSC
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models of PKP2 truncations using wild-type (WT) cell lines from two
different donors (WT1 and WT2). The engineered mutant iPSC
lines with PKP2tvs, including a heterozy/gous line (PKP2tv*"") from
WT1 and a homozygous line (PKP2tv'") from WT2, contained a
5-base pair (bp) deletion according to MiSeq sequencing (Fig. 1A),
predicting an early truncation of the protein (PKP2 p.D109Afs*10)
that mimics the patient variants (Fig. 1B). These mutant iPSCs
could be differentiated into CMs that stained positive for sarcomeric
o-actinin-2 (Fig. 1C), suggesting that PKP2 is not critical for the
differentiation of CMs.

To validate whether the CRISPR-edited mutant iPSC-CMs can
recapitulate phenotypic features of ACM, we first assessed the
expression and localization of junctional components that are affected
in ACM (34). RNA expression of PKP2 gene is reduced to 63.2 + 13.9%
(means + SEM) in PKP2tv*!~ compared to WT1 and 32.5 + 6.2%
(means + SEM) in PKP2tv™'~ compared to WT2 (Fig. 1D). Immu-
nofluorescence staining and Western blot showed that PKP2
protein expression was significantly reduced in PKP2tv*'~ and was
almost absent in the PKP2tv™'~ iPSC-CMs (Fig. 1, C to F). The
reduced expression and junctional localization of PKP2 had no
significant impact on the formation of adherens junctions as indicated
by N-cadherin localization to cell-cell contact (Fig. 2, A to C). In
contrast, PKP2tv did reduce junctional localization of desmoplakin
(Fig. 2, A and D), a protein that links the membrane desmosome
complex to the desmin intermediate filament, suggesting an impaired
connection between the desmosome junctions and the cytoskeleton.
Impaired desmosomal junctions have been found to affect gap
junctions and, hence, may contribute to the characteristic arrhyth-
mogenicity associated with ACM (5, 34). Consistent with these re-
ports, we observed a significant decrease in the junctional intensity
of connexin-43 (Cx43) by immunofluorescence staining in the
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Fig. 1. CRISPR-engineered human iPSC-CMs with PKP2tvs demonstrate decreased expression of PKP2. (A) MiSeq readout aligned to the reference PKP2 genome
shows 5-bp deletion at the end of exon2 in the PKP2tv*’~ and PKP2tv™'~ cell lines. (B) Schematic representation of PKP2 protein showing the location of patient mutations
p.R79X and p.Q133X, and the CRISPR-engineered mutation p.D109Afs in two WT iPSC lines (WT1 versus PKP2tv*’~ and WT2 versus PKP2tv~'"). AA, amino acid. (C) Repre-
sentative images of iPSC-CM monolayers fixed and stained for nuclei (blue), a-actinin-2 (gray; top), and PKP2 (gray; bottom). PKP2 fluorescence is not detectable in
PKP2tv™'~. Scale bars, 20 um. (D) Relative RNA expression of PKP2 gene (2722T) in iPSC-CMs measured by reverse transcription quantitative polymerase chain reaction
(PCR): 63.2 + 13.9% in PKP2tv*'~ (n = 4) compared to WT1 (n=3) and 32.5 +6.2% in PKP2tv™'~ (n=3) compared to WT2 (n = 3), data presented as means = SEM. (E) Western
blots of PKP2 protein in iPSC-CMs. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (F) Mean fluorescence intensity of junctional PKP2 shows a significant reduction
in PKP2tv*'~ (n=10) versus WT1 (n=11)and in PKP2tv™~ (n=5) versus WT2 (n =5). a.u., arbitrary units. Statistics: Individual data points across three independent experiments
are shown with means + SEM on plots; Student'’s t test, o= 0.05. Immunostains are representative of at least three independent experiments.
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Fig. 2. PKP2tvs result in decreased junctional localization of desmoplakin and Cx43. (A) Representative images of iPSC-CM monolayers fixed and stained for nuclei
(blue), N-cadherin (gray; top), and desmoplakin (DSP; gray; bottom). Scale bars, 20 um. (B) Representative images of iPSC-CM monolayers fixed and stained for nuclei
(blue), N-cadherin (gray; top), and Cx43 (gray; bottom). Scale bars, 20 um. (C) Mean fluorescence intensity of junctional N-cadherin is comparable in PKP2tv*'~ (n=13)
versus WT1 (n = 13) and in PKP2tv™'~ (n=5) versus WT2 (n = 5). n.s., not significant. (D) Mean fluorescence intensity of junctional desmoplakin at cell-cell contacts (defined
by junctional N-cadherin signal) is significantly lower in PKP2tv*!~ (n=11) versus WT1 (n=10) and in PKP2tv™~ (n=5) versus WT2 (n=5). (E) Mean fluorescence intensity
of junctional Cx43 at cell-cell contacts (defined by junctional N-cadherin signal) is significantly lower in PKP2tv*~ (n=13) versus WT1 (n=13) and in PKP2tv™'~ (n=8)
versus WT2 (n = 7). Statistics: Individual data points across three independent experiments are shown with means + SEM on plots; Student’s t test, o = 0.05. Immunostains

are representative of at least three independent experiments.

iPSC-CMs harboring PKP2tv*'~ and PKP2tv™'", as compared to the
WT1 and WT?2 cells, respectively (Fig. 2, B and E).

Given that desmosomal mutations and knockdown of PKP2 are
known to cause abnormal action potentials (6, 8, 35, 36), we next set
out to assess action potential characteristics in the iPSC lines. We
expressed Archonl, a genetically encoded voltage indicator (37, 38),
in the cell lines and observed a significant prolongation of action
potential duration (APD) in monolayer cultures of iPSC-CMs with
PKP2tv*'"~ or PKP2tv™'", while the cells were being electrically
stimulated at 1 Hz as compared to the WT1 and WT2 cells, respec-
tively (Fig. 3, A to D). Prolonged APD is associated with early after-
depolarizations, a major type of arrhythmogenic mechanism at the
cellular level (39, 40), and is consistent with the phenotypes
observed in ACM.

Having established CRISPR-engineered iPSC-CMs with PKP2tvs
that present junctional and electrical abnormalities characteristic of
those described in ACM and in previous cellular models of ACM,
we asked whether our model also recapitulated the mechanical
changes observed in ACM, such as systolic dysfunction. To study
the mechanical consequences of PKP2 truncations in a biomimetic
context, we generated three-dimensional (3D) cardiac microtissues
(CMTs) in a previously developed process wherein cells suspended
in fibrin within microwells reorganize over the course of days into
aligned tissues bridging two micropillars within the microwells
(Fig. 4A) (41, 42). Using this model, we can measure contractile
forces generated by the CMTs by tracking micropillar deflections
(Fig. 4B). To eliminate any potential confounding impacts from the
arrhythmogenic nature of these mutant cells, we paced the CMTs to
beat at 1 Hz using an external electrical field stimulator during
contractile force measurements. We observed no difference in the
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duration of contraction or relaxation comparing the PKP2tv with
the WT (fig. S1, A to D), suggesting that exogenous electrical field
stimulation is effective for normalizing the contraction/relaxation
kinetics and eliminating potential impacts caused by aberrant
electrical properties of PKP2tv cells. CMTs expressing PKP2tv*'~ or
PKP2tv™'~ exhibited significantly lower systolic force or stress
compared to CMTs made of WT1 or WT2 iPSC-CMs, respectively
(Fig. 4, C and D). Together, these data suggest that the CRISPR-
engineered iPSC-CMs harboring PKP2tvs can be used not only to
model and study the electrical abnormalities associated with ACM
but also to potentially gain insights about the nature of systolic
dysfunction.

PKP2tvs impair force generation only

in multicellular contexts

Despite increasing clinical attention on the progressive loss of
ventricular systolic function in patients with ACM (43), little is
known about how PKP2 pathogenic variants result in reduced
systolic function. To answer this question, we first assessed whether
the iPSC-CMs harboring PKP2tvs, which exhibited compromised
systolic force generation in the context of CMTs, exhibit a cell
autonomous contractility defect when cultured as single cells. Because
sarcomere alignment and contractility can be dictated by cell geom-
etry (44, 45), we used substrates micropatterned with rectangular
extracellular matrix (ECM)-coated islands where individual cells
could elongate in a controlled fashion (Fig. 5A). To measure
cell-generated forces, we generated these micropatterns on elastic
polyacrylamide (PAA) substrates that deform in response to cell
contractions. After seeding, cells were allowed to spread, and
contractility was measured after 7 days (Fig. 5B). Unexpectedly,
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Fig. 3. PKP2tvs lead to prolongation of action potential. (A and C) Action potential traces of iPSC-CMs expressing Archon1 measured by normalized Archon1 fluorescence
intensity, while iPSC-CM monolayers are electrically paced at 1 Hz. Data are shown as means (solid lines) + SD (bars), and curves are aligned at peaks for (A) PKP2tv*!~
(n=30) versus WT1 (n=30) and (C) PKP2tv™~ (n=27) versus WT2 (n=25). (B and D) Quantification of APD at 30, 50, and 80% below the peak of action potential curve
(APD30, APD50, and APD80) shows significant increase in APD of (B) PKP2tv*'~ (n = 30) versus WT1 (n =30) and (D) PKP2tv™"~ (n = 27) versus WT2 (n = 25). Statistics: Individual
data points across three independent experiments are shown with means + SEM on plots, unless otherwise specified; Student'’s t test, o.= 0.05.

single iPSC-CMs with PKP2tvs generated higher systolic stress and
work as compared to the WT single cells (Fig. 5, C to E), suggesting
that PKP2tvs do not cause systolic dysfunction through reducing
the contractility of single CMs.

Given the opposite effects of PKP2tvs on contractility seen in the
CMTs (Fig. 4, C and D) versus single CMs (Fig. 5, C to E), we
hypothesized that PKP2tvs cause reduction in contractility only in
multicellular structures, where cell-cell adhesion is required for
establishing a mechanically coupled ensemble. To address this
hypothesis, we fabricated traction force microscopy (TFM) substrates
micropatterned with larger ECM islands (Fig. 6A) in which
multiple CMs attach and form a 2D multicellular patch (Fig. 6B).
We then evaluated the systolic stresses generated by iPSC-CMs
harboring PKP2tvs in these multicellular structures (Fig. 6C). We
observed a significant reduction in systolic stress and work generated
by the cardiac patches harboring PKP2tvs as compared to WT
controls (Fig. 6, C to E), suggesting the possibility that PKP2tvs
impair contractility in settings that involve the presence of cell-cell
adhesions.

PKP2tvs alter junctional N-cadherin stability and dynamics

In addition to desmosomes, adherens junctions are another major
class of junctions that define the mechanical linkage between
neighboring CMs, in this case coupling the sarcomere-containing
myofibrils between neighboring cells. Recent studies suggest that
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desmosomal molecules are not restricted to the desmosome junctions
but can also be detected in adherens junctions in the heart, forming
a mixed-type junction referred to as area composita (46, 47), which
motivated us to examine the impact of PKP2tvs on adherens
junctions. While desmosomes are compromised by PKP2tv (Figs. 1,
CandF, and 2, A and D), adherens junctions are still present in the
iPSC-CMs harboring PKP2tvs as indicated by N-cadherin at cell-cell
adhesions (Fig. 2, A to C). This observation is consistent with biopsy
and autopsy reports on the hearts of patients with ACM showing
that N-cadherin-containing junctions between CMs are maintained
across a range of disease phenotypes (34). Although N-cadherin is
present, the compromised force generation seen in multicellular
patches (Fig. 6, C to E) led us to posit that PKP2tvs might alter
N-cadherin junction stability. We first used fluorescence recovery
after photobleaching (FRAP) to assess whether the dynamics of
N-cadherin junction remodeling is affected in PKP2tv (Fig. 7A and
movies S1 to S4). The iPSC-CMs were infected with lentiviral constructs
containing fluorescent protein-tagged N-cadherin [N-cadherin-
EGFP (enhanced green fluorescent protein) or N-cadherin-mApple]
and cultured in monolayer. The fluorescence intensity of junctional
N-cadherin at cell-cell contact after photobleaching was imaged
every 30 s for 30 min and calculated as percentage of the fluores-
cence intensity before photobleaching. The fluorescence recovery
curve was fitted using a two-phase association model with a fast-phase
and a slow-phase exponential signal recovery (Fig. 7B). The fitted
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Fig. 4. PKP2tvs cause reduction in systolic contractility in CMTs. (A) Top view of a CMT suspended between two elastic polydimethylsiloxane (PDMS) pillars with spherical
caps at day 10 after seeding. Scale bar, 200 um. (B) Representative force-over-time curve measured from a CMT made with WT2 cells, while the tissue is electrically paced
at 1 Hz. (C) Quantification of peak systolic forces of CMTs shows a significant reduction in force generation in PKP2tv*’~ (n = 22) versus WT1 (n = 25) and in PKP2tv ™~ (n=27)
versus WT2 (n = 20). (D) Quantification of peak systolic stresses of CMTs shows comparable stress levels in PKP2tv*'~ (n=22) versus WT1 (n=25) and a significant reduction
of systolic stress in PKP2tv™'~ (n=27) versus WT2 (n = 20). Statistics: Individual data points across three independent experiments are shown with means + SEM on plots;
Student’s t test, o =0.05.
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Fig. 5. Single CMs harboring pkp2tvs exhibit increased contractility. (A) Representative image of PAA gel surface micropatterned with rectangular islands of fluores-
cently labeled fibronectin (FN=555 nm; shown in orange). Each fibronectin island has a 1:7 aspect ratio with an area of 2000 um? and allows a single CM to attach and
spread on it when seeding density is properly controlled. Scale bar, 100 um. (B) Representative phase image of a single iPSC-CM spread on a rectangular fibronectin island
on PAA gel surface. Scale bar, 20 um. (C) Representative stress vector maps at the peak systole of single CMs from traction force microscopy (TFM) measurements
comparing PKP2tv™'~ with WT2. Boundaries of cell area/fibronectin island are marked by white dotted lines. Scale bars, 20 um. (D) Quantification of root mean square (RMS)
stress at peak systole of single CM contractions shows a significantly higher stress level in PKP2tv*'~ (n=20) versus WT1 (n=20) and in PKP2tv™'~ (n=48) versus WT2 (n =47).
(E) Quantification of work at peak systole of single CM contractions shows a significantly higher work production in PKP2tv*~ (n=20) versus WT1 (n=20) and in PKP2tv™~ (n=48)
versus WT2 (n =47). Statistics: Individual data points across three independent experiments are shown with means £ SEM on plots; Student’s t test, o =0.05.

recovery curves showed a clear separation between the PKP2tv and the
WT cells with significantly lower mobile fraction of N-cadherin
(plateau of the recovery curve) in both PKP2tv cell lines (Fig. 7, B and C),
suggesting that a smaller pool of N-cadherin is available for junc-
tion remodeling in monolayer cultures of PKP2tv cells compared to
the WT cells. Overall, the FRAP data suggested that the molecular
stability of junctional N-cadherin is impaired by PKP2tv.

Zhang et al., Sci. Adv. 2021; 7 : eabh3995 15 October 2021

To visualize the stability of junctions at the cellular scale and
over longer time scales, we performed time-lapse imaging on
monolayer cultures of iPSC-CMs expressing the fluorescence-tagged
N-cadherin every 10 min for several hours (Fig. 8, A and B, and
movies S5 to S8). The time-lapse imaging revealed a more actively
moving and migrating cell-cell boundary in monolayer cultures of
PKP2tv cells compared to the WT cells. To quantify and characterize
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Fig. 7. PKP2tvs alter molecular stability and turnover of junctional N-cadherin. (A) Representative images of junctional N-cadherin before, right after, and 30 min after
photobleaching in monolayer cultures of iPSC-CMs. Scale bars, 5 um. (B) Percentage junctional N-cadherin FRAP over 30 min in monolayer cultures of iPSC-CMs comparing
PKP2tv*/~ (n=12) versus WT1 (n=12) and PKP2tv™/~ (n=25) versus WT2 (n=19). Data are shown as means (dots) + SD (bars) with the solid lines showing data fitted in a
two-phase association model. (C) Mobile fraction of junctional N-cadherin measured as the plateau of FRAP recovery curves shows a significant reduction in monolayer
cultures of PKP2tv*'~ (n=12) versus WT1 (n=12) and in PKP2tv™"~ (n=25) versus WT2 (n=19). Data across three independent experiments are shown as means + SEM;
Student’s t test, .= 0.05.

the dynamic movement of junctional N-cadherin at cell-cell
contact, we developed a software implementing motion estimation
with optical flow tracking to calculate the net displacement, mean
displacement per frame, and ramble motion for the time-lapse
movies (fig. S2). Quantification of junctional N-cadherin motion
shows a significant increase in the net displacement of junctional
N-cadherin after 8 hours of live imaging and a significant increase
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in the mean displacement per frame in monolayer cultures of
PKP2tv cells compared to the WT cells, while ramble motion is not
significantly different between the PKP2tv*'~ and WT1 cells (Fig. 8,
C to E). Together, these quantitative measurements confirmed our
qualitative observations that PKP2tv monolayers exhibited sub-
stantially higher movement of cell-cell boundaries relative to
WT monolayers.
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Fig. 8. PKP2tvs destabilize N-cadherin junctions at cell-cell contact. (A) Representative time-lapse images of N-cadherin junctions at 0, 2, 4, 6, and 8 hours into the live
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movies showing stable N-cadherin junctions in monolayer cultures of WT1 and unstable cell-cell contact in PKP2tv*/~. Scale bars, 10 um. (C) Net displacement of junctional
N-cadherin in time-lapse movies measured by optical flow tracking shows a significant increase in monolayer cultures of PKP2tv*!~ (n=14) versus WT1 (n=18) and in
PKP2tv™~ (n=14) versus WT2 (n = 12). (D) Mean displacement per frame of junctional N-cadherin in time-lapse movies measured by optical flow tracking shows a significant
increase in monolayer cultures of PKP2tv*'~ (n=14) versus WT1 (n = 18) and in PKP2tv™'~ (n=14) versus WT2 (n=12). (E) Ramble of junctional N-cadherin in time-lapse
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versus WT2 (n = 12) (significant). Statistics: Individual data points across three independent experiments are shown with means + SEM on plots; Student’s t test, a.= 0.05.

PKP2tvs impair sarcomere stability, content,

and organization

Alterations in sarcomeres, the fundamental contractile units within
CMs, have been observed in dilated cardiomyopathy (DCM) and
hypertrophic cardiomyopathy (HCM) that lead to contractility
changes (48, 49). Since cell-cell adhesions have been shown to elicit
sarcomere formation (50), we asked whether the altered junctional
N-cadherin dynamics had an impact on sarcomere structure. To
visualize sarcomere dynamics at the cellular scale, we infected the
iPSC-CMs with lentiviral constructs containing both fluorescently
labeled a-actinin-2 and N-cadherin and observed their dynamics in
monolayer cultures of iPSC-CMs under time-lapse microscopy.
The previously observed fast remodeling of N-cadherin junction in
PKP2tv monolayers was accompanied by constant dissociation and
reformation of the sarcomere network (Fig. 9, A and B, and movies
S9 to S12). When we used the same optical tracking method to
quantify sarcomeric (0-actinin-2) motion in these movies (movies
S9 to S12), we found a significant increase in the net displacement
of sarcomeric a-actinin-2 in PKP2tv monolayers (Fig. 9C), while
the mean displacement per frame is not significantly different from
the WT cells (Fig. 9D). Here, the ramble motion of o-actinin-2 is
significantly lower in PKP2tv monolayers (Fig. 9E), indicating that
the sarcomeric a-actinin-2 movement is more directional and
marked compared to the WT cells. Together, these results suggest
that sarcomere stability in multicellular cardiac syncytia is impaired
by PKP2tvs.

We further hypothesized that this sarcomere instability affects
the overall sarcomere content in multicellular structures, ultimately
resulting in compromised force generation. To test this hypothesis,
we immunostained for o-actinin-2 in multicellular cardiac patches
adherent to ECM islands and quantified the total number of
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o-actinin-2 containing sarcomere z-discs (Fig. 10A). We found a
significantly lower number of sarcomeres in cardiac patches harboring
PKP2tvs as compared to WT controls (Fig. 10B), which is consistent
with their impaired systolic force generation (Fig. 6, C to E).
Conversely, the total number of sarcomeres was significantly higher
in single cells harboring PKP2tv*'~ compared to WT1 (fig. $3, A
and B), which also corresponds to their increased systolic force
generation (Fig. 5, C to E). Furthermore, in addition to affecting
sarcomere content, we examined whether PKP2tvs disrupted sarco-
mere organization. We evaluated the order parameter (O.P.) for
sarcomere alignment, which measures how consistently all sarco-
meres are oriented at a certain radial distance from any sarcomere
of interest; an O.P. of 1 indicates perfect alignment in that all other
sarcomeres are parallel to the sarcomere of interest (Fig. 10C). We
found that the sarcomere alignment drops to a lower level in cardiac
patches harboring PKP2tvs when evaluating the alignment at 50-um
distance (Fig. 10D) or at a longer distance by model prediction
(Fig. 10E), indicating decreased order in sarcomere alignment in
multicellular cardiac syncytia harboring PKP2tvs. Notably, the
sarcomere alignment in micropatterned single cells is maintained at
a similarly high level in PKP2tv*'~ compared to WT1 (fig. $3, C to E).
Together, these results reveal that PKP2tvs, through their effects on
destabilizing cell-cell junctions, destabilize sarcomere networks and
result in a reduced sarcomere content and alignment in multicellular
cardiac syncytia.

DISCUSSION

ACM modeling using animals, primary cells, and iPSCs has revealed
mechanisms by which pathogenic variants in desmosomal genes
lead to arrhythmias and fibrofatty deposition (51). However, the
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sarcomere z-disc shows a significant decrease in sarcomere alignment in cardiac patches formed with PKP2tv*’~ (n = 25) versus WT1 (n=25) and in PKP2tv™~ (n=11)
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mechanisms leading to loss of cardiac systolic function are still  could be through multiple mechanisms. PKP2 mutations have been
poorly defined. In this study, we find that PKP2tvs can directly = shown to alter the Hippo-YAP signaling pathway, which is known
compromise multicellular cardiac contractility by destabilizing to be critical for driving transcriptional programs that regulate cyto-
sarcomere organization. How PKP2 loss might drive these effects skeletal maturation (15). Loss of PKP2 in nonmyocytes has also
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been shown to modulate RhoA activity and localization, leading to
cortical regulation of cytoskeletal reorganization (52). In addition
to transcriptional and biochemical signaling mechanisms previously
described (9-11, 15, 52), the direct impact of PKP2 on junctional
stability highlighted in this study could alter sarcomere stability via
a mechanical pathway. PKP2 is not only a scaffolding protein that is
critical for the assembly of desmosome complexes (53) but can also
bind to N-cadherin via oT-catenin (54, 55), hence establishing a
close association between desmosomes and adherens junctions to
form a hybrid junction area composita that mechanically anchors
the cytoskeleton of neighboring CMs. Despite the critical roles for
N-cadherin in gap junction assembly and electrical conduction (56),
the intercellular alignment of myofibrils (57), and myocardial cell
adhesion and systolic function (58), its junctional localization in
ACM CMs is similar to WT controls (34). Here, we extend these
findings and show that pathogenic variants in desmosomal genes
such as PKP2tv also did not affect N-cadherin localization but,
instead, impaired the dynamics of N-cadherin turnover at the inter-
calated disc leading to an effectively reduced pool of N-cadherin
available for junction remodeling. This impaired N-cadherin stability
likely contributes to a loss of mechanical anchoring and loading of
the sarcomeres, which has been shown to markedly destabilize them
and cause the reduction in cardiac contractility (59). To be noted,
mutations in the N-cadherin-encoding gene CDH2 have recently
been identified in patients with ACM (60).

The cross-talk between PKP2 and N-cadherin could be mediated
by other molecules. One potential candidate is the PKP2 binding
partner, aT-catenin. It has been shown that PKP2 is reduced in the
area composita in aT-catenin-knockout mouse model (55). However,
we found that aT-catenin expression is not changed in the PKP2tv
CM s (fig. S4). Another candidate could be plakoglobin (PG), which
interacts with both classical cadherins and desmosomal cadherins
in the area composita. Reduced PG expression at the intercalated
disc was reported in patients with ACM carrying mutations in
various desmosomal genes including PKP2 (61). PG reduction was
not detected in PKP2-heterozygous-null murine hearts unless the
animals were exposed to exercise training (6, 10). Further studies
will be required to explore the molecular mechanism for how
PKP2tvs lead to N-cadherin instability at cell-cell contacts.

Our results suggest that PKP2tvs cause a reduction in con-
tractile forces and sarcomere content only in multicellular contexts
(Figs. 4, Cand D; 6, C to E; and 10, A and B). In contrast, single CMs
harboring PKP2tvs exhibited increased contractile forces and sarcomere
content (Fig. 5, C to E, and fig. S3, A and B). How PKP2tv increases
contractility in single cells is unclear and could be through multiple
mechanisms. Knockdown of PKP2 in cultured nonmyocytes has
been shown to increase RhoA activity, leading to elevated contrac-
tile actomyosin activity, increased stress fibers, and larger and more
stable focal adhesions (52, 62), all of which could possibly contribute
to a higher cellular tension and cytoskeleton reorganization. In
addition, in vivo studies identified increased formation of RyR2 super
clusters and elevated cytosolic calcium transients in cardiac-specific
PKP2 knockout mice (11), which could readily enhance contractility of
single cells, thus inducing force-dependent sarcomere assembly. None-
theless, our studies suggest that the destabilizing effects of PKP2tv in
the presence of cell-cell adhesions can dominate over these cell auton-
omous effects, and further studies will be required to elicit a full picture
of the complex relationship between calcium handling, sarcomere
organization, and contractility during ACM disease progression.
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A carefully orchestrated interplay between cell-cell junctions,
cell-ECM adhesion, and sarcomere organization may be emerging
as a general theme relevant to cardiac development and disease.
CMs in early embryonic development are initially round in shape
with randomly oriented nascent myofibrils, with cell-ECM and cell-cell
adhesion complexes surrounding the whole cell (63). As cardiac
development progresses, cell-cell and cell-ECM adhesions segregate
and become restricted to the narrow ends and lateral membrane of
matured CMs respectively as CMs elongate and sarcomeres assemble
and align (63, 64). Conversely, many human cardiomyopathies are
characterized by lateralization of cell-cell adhesions, increased
expression of cell-matrix adhesions, and structural changes to
myofibrils and the associated sarcomeres (65, 66). The direct coregula-
tion among cell-cell and cell-matrix adhesions has been described in
many contexts, and PKP2 deficiency has been reported to strengthen
cell-ECM adhesions highlighting such cross-talk between the two
types of adhesions (62). Recent studies have also demonstrated a
role for cell-ECM adhesions in driving sarcomere assembly (59).
Here, our findings linking instability in cell-cell junctions and
disruption of sarcomere organization add to this work and further
underscore the need to better understand these interactions to gain
broader insights into disease pathogenesis.

In the pathogenesis of HCM or DCM, aberrant cardiac contrac-
tility arising from sarcomeric dysfunction is a well-established
concept. For instance, some DCM-causing mutations are found to
disrupt sarcomere formation, and the reduced sarcomere content in
turn leads to decreased cardiac contractility (59). In the current
study, the demonstration that a genetic mutation associated with
ACM can also disrupt sarcomeres and CM force generation would
suggest a potentially closer link between ACM and DCM. Although
ACM is classically considered a distinct disease from DCM, similarities
between their clinical phenotypes have begun to emerge. ACM was
historically considered a right ventricular only/dominant disease
but is now being recognized as a disease that could also present with
left ventricular involvement and clinical features of DCM including
ventricular dilation and systolic dysfunction (30). Conversely, 30 to
40% of patients with DCM present with ventricular arrhythmias
(67). Last, with advances in genetic screening, numerous mutations
including those in TTN, DES, LMNA, and even PKP2 have been identi-
fied in patients clinically described as ACM or DCM (3, 68, 69).
This study is the first to demonstrate a direct impact of ACM-causing
PKP2 mutations on cardiac contractility and sarcomere organiza-
tion, and our data reveal fundamental pathogenic mechanisms that
may be shared among different types of cardiomyopathies and
suggest that it may be possible to adapt clinical management and
treatment strategies from other better studied disease such as DCM
in treating ACM.

MATERIALS AND METHODS

Generation of human iPSCs with PKP2tvs

Two human iPSC lines from different donors, WTC (AICS-0017,
Allen Institute) and PGP1 (Personal Genome Project), were used to
generate the lines in the current study. PKP2tv"'~ and its control
(WT1) were generated from the WT'C iPSCs and PKP2tv"'" and its
control (WT2) from PGP1 iPSCs. Truncating mutations were
introduced to the PKP2 gene in these WT iPSCs using CRISPR-
Cas9-mediated genome editing technology as previously described
(70). Briefly, the pCR-Blunt II-TOPO vector (K280002, Thermo
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Fisher Scientific) cloned with CRISPR guide RNAs targeting PKP2
exon2, and the Cas9 vector pSpCas9(BB)-2A-Puro (PX459) V2.0
(Addgene plasmid #62988) were transfected into the WT iPSCs via
nucleofection. Following the electroporation process, iPSCs that
successfully took up the Cas9-Puro plasmid were selected
using puromycin treatment and were subsequently replated for
monoclonal expansion and genetic validation via MiSeq sequencing
(Ilumina). This monoclonal expansion process was repeated
twice sequentially to ensure that the iPSC colonies of interests
were homogenously composed of genotypically identical cells.
Isogenic iPSCs with WT or PKP2tvs were maintained in complete
mTeSR1 medium (STEMCELL Technologies) on Matrigel-coated
(Corning) plates.

iPSC differentiation and CM maintenance

iPSCs were differentiated into CMs as described previously (71).
Specifically, iPSCs were differentiated in RPMI 1640 medium
(Thermo Fisher Scientific) supplemented with B27 minus insulin
(Thermo Fisher Scientific) by sequential targeting of the WNT
pathway—activating the WNT pathway using 8 to 12 uM of CHIR99021
(Tocris) on day 0 for 24 hours and inhibiting the WNT pathway using
5 uM of IWP4 (Tocris) on day 3 for 48 hours. CMs were isolated
after showing spontaneous beating (between day 9 and day 14) using
metabolic selection by adding 4 mM of br-lactate (Sigma-Aldrich)
in glucose free RPMI 1640 medium (Thermo Fisher Scientific) for
4 days. Following selection, CMs were passaged onto six-well plates
coated with fibronectin (10 pg/ml; Corning), maintained in RPMI
1640 medium supplemented with B27 (Thermo Fisher Scientific),
and used for assays 2 weeks after passaging around day 30 after
initiation of differentiation.

Antibodies, immunofluorescence, and Western blotting
Anti-o-actinin-2 was from Abcam [ab9465 (1:500) and ab137346
(1:200)] and Fitzgerald (70R-1068; 1:200). Anti-PKP2 was from SLBio
(LS-C85371; 1:200). Anti-desmoplakin was from Abcam (ab71690; 1:200).
Anti-Cx43 was from Abcam (ab11370; 1:200). Anti-N-cadherin was
from Cell Signaling Technology (#14215; 1:100).

CMs cultured in growth medium were perm/fixed with 0.03%
Triton X-100 (Thermo Fisher Scientific) and 1% paraformaldehyde
(Thermo Fisher Scientific) in phosphate-buffered saline (PBS)
containing calcium and magnesium (PBS") at 37°C for 90 s. Cells were
immediately postfixed in 4% paraformaldehyde in PBS" at 37°C for
15 min. Cells were rinsed three times with PBS™ and permeabilized
with 0.5% Triton X-100 in PBS" for 10 min. Cells were blocked with
2% bovine serum albumin (BSA; Sigma-Aldrich) in PBS". Primary
and secondary antibodies were applied in 2% BSA in PBS* and
rinsed three times over 30 min with PBS™ between each treatment.
For Western blot analyses, CMs were lysed in 2x NuPAGE LDS
Sample Buffer (Life Technologies) containing 100 mM dithiothreitol
and analyzed by SDS-polyacrylamide gel electrophoresis and immu-
noblotting with chemiluminescent horseradish peroxidase detection.
Immunofluorescent images and Western blots were adjusted for
brightness and contrast using ImageJ software (National Institutes
of Health, Bethesda, MD).

Immunofluorescence quantification

To quantify fluorescence intensities of junctional desmoplakin and
Cx43, grayscale images of cells immunostained for N-cadherin were
converted to a binary mask to define the junction areas, and the
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average intensity of immunofluorescence from desmoplakin or Cx43
within the masked junction areas was calculated for each sample.

Quantitative polymerase chain reaction

Cells were lysed with TRIzol (Life Technologies), followed by chlo-
roform phase separation. The aqueous phase was diluted with 70%
ethanol at 1:1 ratio, loaded on a RNA micro column (RNA Micro
Kit, QIAGEN Sciences) and RNA extraction proceeded according
to the manufacturer’s protocol. Subsequently, 0.5 ug of total RNA
was converted to complementary DNA (cDNA) with qScript cDNA
Supermix (Quanta Sciences). Real-time polymerase chain reaction
(PCR) was performed in 20 pl of reactions using the power SYBR
Green Master Mix (Applied Biosciences, Thermo Fisher Scientific)
and a QuantStudio3 (Applied Biosciences, Thermo Fisher Scientific),
cycling at 95°C for 15 s then 60°C for 60 s for 40 cycles. Specific gene
targets were detected with primer set against PKP2 (GAGAGCG-
CACTTGACTGTCG and CTCCATGTCTGCATTCCCCAG) and
the housekeeping gene proteasome subunit beta type 2 (PSMB2,
ACTATGTTCTTGTCGCCTCCG and CTGTACAGTGTCTC-
CAGCCTC). Relative gene expression is calculated as 27T + SEM,
in which ACT is equal to the cycle threshold (CT) of the PKP2 minus
CT of PSMB2 and AACT is equal to the ACT of any sample minus
the average ACT of WT repeats. At least three biological replicates
(three independent batches of stem cell differentiation) were used.
Within each biological replicate, we measured across two samples,
and the mean value of these two repeats is shown as a single data
point in Fig. 1D.

Action potential measurement

CMs were replated onto fibronectin-coated glass substrates.
CAG-FLEX-Archonl-KGC-EGFP-ER2 rAAV2 (Archonl) [multiplicity
of infection (MOI), 2000 to 3000] and CMV-Cre AAV9 (Addgene)
(MO, 4000 to 6000) were added 24 hours after replating. Viruses
were washed out 2 days later, and CMs were maintained in RPMI
1640 medium supplemented with B27 medium. Imaging was
performed 7 days after transduction.

Optical voltage recordings were taken using a one-photon wide-
field fluorescence microscope using a PCO Edge 4.2 CLHS sCMOS
camera, a 0.95 numerical aperture (NA) 20x water immersion
objective (Olympus). The far-red fluorescence was imaged using a
NECSEL Red 6.3X, fiber-coupled laser which operates up to 6 W,
FF662-FDi01 (Semrock) dichroic filter, and both FF01-635/18 and
FF01-736/128 band-pass filters (Semrock). All recordings were
acquired at 100 Hz. Samples were maintained at 37°C and 5% CO,
throughout imaging. Samples were paced with carbon electrodes
made from carbon rods (Ladd Research) attached to platinum wires
(Sigma-Aldrich) using the C-Pace EM (Ionoptix) at 1.0 Hz with
10 to 20 V with a 10-ms duration.

Cardiac microtissues

Polydimethylsiloxane (PDMS) microtissue devices with tissue wells
each containing two cylindrical micropillars with spherical caps were
casted from a 3D printed mold (Protolabs). One day before tissue
seeding, devices were plasma-treated for 60 s, treated with 0.01%
poly-L-lysine (ScienCell) for 2 hours, 0.1% glutaraldehyde (EMS)
for 15 min, washed three times with deionized (DI) water, and let sit
in DI water at 4°C overnight. Immediately before seeding, devices
were soaked in 70% ethanol for 30 min, dried, and sterilized under
ultraviolet (UV) for 15 min. After sterilization, 3 ul of 5% BSA was
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added to the bottom of each tissue well, and devices were spun in a
tabletop centrifuge at 3000 rpm for 1.5 min to evenly distribute
the BSA. After 1-hour incubation at room temperature, BSA was
removed, and 2 pl of 2% Pluronic F-127 (Sigma-Aldrich) was added
to each well and incubated for 30 min at room temperature to
prevent CMTs sticking to the bottom surface of the devices.

A total of 60,000 cells per tissue, consisting of 90% iPSC-CMs
and 10% human mesenchymal stem cells, were mixed in 7.5 pl of an
ECM solution, consisting of human fibrinogen (4 mg/ml; Sigma-
Aldrich), 10% Matrigel (Corning), and 0.4 U of thrombin (Sigma-
Aldrich) per mg of fibrinogen, 5 uM Y-27632 (Tocris), and aprotinin
(0.033 mg/ml; Sigma-Aldrich). The cell-ECM mixture was pipetted
into each tissue well, and after gel polymerization for 5 min, tissue
maintenance growth medium containing high-glucose Dulbecco’s
modified Eagle’s medium (Thermo Fisher Scientific) supplemented with
10% fetal bovine serum (Sigma-Aldrich), 1% penicillin-streptomycin
(Thermo Fisher Scientific), 1% nonessential amino acids (Thermo
Fisher Scientific), 1% GlutaMAX (Thermo Fisher Scientific), 5 uM
Y-27632, and aprotinin (0.033 mg/ml) were added. The growth
medium was replaced every other day. Y-27632 was removed 2 days
following seeding, and the aprotinin concentration was decreased
to 0.016 mg/ml after 7 days.

Ten days after seeding, the tissues were electrically stimulated at
1 Hz using the IonOptix C-Pace EP Culture Pacer (IonOptix) with
a 10-ms square pulse of 10 to 20 V/cm. Time-lapse videos of the
tissue contraction were acquired at 30 frames/s using a 4x objective
on a Nikon Eclipse Ti (Nikon Instruments Inc.) with an Evolve
EMCCD camera (Photometrics) or on a Zeiss Axiovert 200 M
inverted spinning disk microscope with an ORCA-100 camera
(Hamamatsu) equipped with a temperature and CO,-equilibrated
environmental chamber. Maximum contractile force, stress, and
contraction kinetics were calculated using a custom MATLAB script
based on the deflection of the pillars and the measured pillar spring
constant of 2.68 UN/um, as described previously (41).

Micropatterned PAA hydrogel

Fibronectin (Corning) was conjugated to acrylic acid N-
hydroxysuccinimide (acrylic-NHS) (Sigma-Aldrich) at a concen-
tration of fibronectin (0.1 mg/ml) and acrylic-NHS (4 mg/ml) in
1x PBS for 1 hour at room temperature. Following conjugation, the
solution was coated on PDMS stamps patterned with arrays of
2000-um? rectangles with a 1:7 aspect ratio or with arrays of 100 um
by 100 pm squares for 1 hour at room temperature. The stamps
were rinsed once with water and air-dried before microcontact
printing the conjugated fibronectin onto clean glass coverslips to
get the micropatterned coverslips for making PAA gels.

PAA gels of 7.9- and 4-kPa stiffness were made by adjusting
acrylamide and bisacrylamide stock solution (Bio-Rad Laboratories)
concentrations (50). A solution of 40% acrylamide, 2% bisacrylamide,
and 1x PBS was polymerized by adding tetramethylethylene diamine
(Fisher BioReagents) and 1% ammonium persulfate. A droplet of
the gel solution supplemented with 0.2- or 0.5-um fluorescent beads
solution (Bangs Laboratories Inc.) was deposited on a glass-bottom
dish (MatTek) that was plasma-activated for 1 min and treated with
a solution of 2% (v/v) 3-(trimethoxysilyl)propyl methacrylate
(Sigma-Aldrich) and 1% acetic acid in ethanol for 10 min. Micro-
patterned coverslips were placed fibronectin side down on the gel
droplet, allowing the gel solution to incorporate the acrylic-NHS-
fibronectin complex during polymerization. Gels were polymerized
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for 45 min at room temperature and soaked in 1x PBS before the
coverslips were carefully detached from the gel. Gel substrates were
washed with 1x PBS, UV-sterilized, and stored in 1x PBS until cell
seeding. Immediately before cell seeding, gels were incubated in a
fibronectin solution (0.1 mg/ml) at 37°C for 30 min.

Traction force microscopy

TFM measurements were obtained 7 days after cell seeding. Time-
lapse images of beads moving near the substrate surface, distributed
in and around the contact region of a single cell or cell patch, were
acquired at 30 frames/s with a Yokogawa CSU-21/Zeiss Axiovert
200 M inverted spinning disc microscope with a Zeiss LD C-
Apochromat 40x, 1.1 NA water-immersion objective or a Zeiss 25X,
oil-immersion objective, and an ORCA-100 camera (Hamamatsu),
while the cells were electrically stimulated to beat at 1 Hz on the
microscope stage equipped with a temperature and CO,-equilibrated
environmental chamber.

The traction forces exerted by iPSC-CMs on the gel substrates
were computed by measuring the displacement of fluorescent beads
embedded within the gel with reference to the beads’ positions at
peak relaxation, as described previously (72) (software available at
https://sites.google.com/site/qingzongtseng/tfm). The traction stress
vector fields were generated using an open source package of Fiji
plugins [developed by Tseng et al. (72)] and were interpolated with
a custom MATLAB script. Root mean squares (RMSs) of the
magnitudes of stress vectors in a user-defined area were computed
using the formula: Spys = \2(| S1| >+ [ S22+ ...+ /84| >), in which S,
is a single stress vector. The work generated by cell contraction was
calculated by multiplying force vectors by bead displacement
vectors and summing over a user-defined area. Magnitudes of RMS
stress and work over time for each video were smoothed, and peak
magnitudes at systole were identified and averaged more than three
or four beats.

Recombinant cloning and lentiviral transduction

Human N-cadherin (#18870, Addgene) and o-actinin-2 (#52669,
Addgene) were PCR-amplified and cloned with C-terminal EGFP-tag
or mApple-tag and N-terminal mApple-tag or EGFP-tag, respec-
tively, into a modified pRRL lentiviral expression vector. The pRRL
plasmids containing N-cadherin-EGFP and mApple-a-actinin-2
(or N-cadherin-mApple and EGFP-o-actinin-2) were cotransfected
with pVSVG, pRSV-REV, and pMDLg/pRRE packaging plasmids
into human embryonic kidney-293T cells using calcium phosphate
transfection. After 48 hours, viral supernatants were collected,
concentrated using PEG-it viral precipitator (SBI), and resuspended
in PBS. CMs were transduced in growth medium overnight, and
medium was replaced the following morning.

Glass substrates forimaging

Glass substrates for imaging were prepared as described previously
(59). Briefly, glass substrates were spin-coated with PDMS and
polymerized in a 60°C oven overnight. For monolayer culture,
PDMS-coated glass substrates were incubated with fibronectin
(10 pug/ml) for 1 hour at 37°C before cell seeding. Alternatively,
micropatterned PDMS-coated substrates were used to culture cardiac
cell patches. PDMS stamps were coated with fibronectin (100 pg/ml)
for 1 hour at room temperature and stamped onto PDMS-coated
glass substrates that were preactivated in a UV Ozone cleaner
(JetLight) for 7 min. Patterned substrates were treated with 0.2%
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Pluronic F-127 (Sigma-Aldrich) for 1 hour before cell seeding to
prevent nonspecific adhesion of cells to the unpatterned areas of the
substrate.

Fluorescence recovery from photobleaching

iPSC-CMs expressing N-cadherin-EGFP or N-cadherin-mApple
via lentiviral infection were cultured on micropatterned substrates
for 7 days before FRAP measurements. Images of regions of interests
(ROIs) of a user-defined size, controlled across samples and experi-
ments, were taken before and after photobleaching of selected ROIs
by a 488-nm laser at full power for 1 min and were acquired with a
Leica HCX APO L U-V-1 40x/0.80 WATER on an upright Leica
TCS SP8 multiphoton microscope equipped with a temperature
and CO;-equilibrated environmental chamber. Postphotobleaching
images were acquired every 30 s for 30 min. To calculate the per-
centage recovery of N-cadherin, the fluorescence intensity of
N-cadherin in each photobleached ROI was background-subtracted,
normalized to an unbleached reference region, and divided by the
intensity in the ROI before photobleaching.

Time-lapse fluorescence microscopy

iPSC-CMs expressing N-cadherin-EGFP and mApple-a-actinin-2
(or N-cadherin-mApple and EGFP-a-actinin-2) via lentiviral in-
fection were cultured on glass substrates for 7 days before live imaging
of the N-cadherin and a-actinin-2 dynamics. During the time-lapse
imaging, iPSC-CMs were maintained in growth medium containing
OxyFluo (Oxyrase) in a temperature and CO,-equilibrated environ-
mental microscope chamber and imaged every 10 min overnight on
a Nikon Ti Eclipse epifluorescence microscope with a Nixon Plan
Fluor 40x, 1.3 NA objective and an Evolve EMCCD camera
(Photometrics).

Motion tracking using optical flow

A custom Python script with user input is used to analyze the
dynamics of N-cadherin at the cell-cell junctions. A time-lapse movie
of N-cadherin fluorescence that spans 8 hours is used as an input.
First, the optical flow between all adjacent frames in the entire im-
age stack is calculated using a dense, image patch-based, two-frame
motion estimation method (Farnebéck algorithm; OpenCV). Large
displacements between adjacent frames are robustly captured
because of its multiscale nature. We typically use a five-level image
pyramid decomposition with a scale of 0.5. An image patch size of
9 was chosen to avoid spatial blurring of the computed optical flow
without compromising our ability to record large movements. Like-
wise, we used a polynomial expansion neighborhood of size 7, and
the SD of the Gaussian smoothing function was 1.5 in our calcula-
tions. The resulting optical flow stack (of size N-1) consists of 2D
displacement vectors for each pixel between adjacent frames. Using
this stack of displacement vectors, each pixel at any given frame can
be mapped back to its original location on the first frame at the start
of the time lapse (or vice versa). We calculated three maps for each
time lapse using the stack of displacement vectors (with spatially
consistent mapping) (fig. S2): (i) a map of the final displacement of
each point from the first frame and the last frame, i.e., total translation,
calculated using a vector sum; (ii) the scalar average of displace-
ments per frame of each point mapped onto the locations in the
starting frame; and (iii) a random motion (ramble) map that
captures movements at the junction that did not result in net translation;
a sum of the scalar displacements minus the translation displacement.
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Cell-cell contacts are then obtained from a user interface that allows
the selection of multiple polylines on the first frame, which denote
the boundaries between cells. This set of polylines (increased to a
width of 10 pixels) was then used as a mask on top of the three maps
described above. The mean value of these three maps based on the
mask denotes the net displacement, mean displacement per frame,
and ramble motion per frame. The same methods were also used for
characterizing the dynamics of o-actinin-2 by changing the user
selection from multiple polylines to multiple polygons that denote
the regions with a—actinin-2 signal.

Quantification of O.P. for sarcomere alignment

A custom MATLAB script was used to quantify the sarcomere
periodicity and order from o—actinin-2-labeled images. Our approach
is based on first detecting all the z-discs in the image and identifying
the local alignment of sarcomere filament to then subsequently
extract the overall sarcomere periodicity and order. The z-discs were
identified by first preprocessing the image with a morphological
top-hat filter and using an adaptive thresholding algorithm. The
resulting z-disc binary mask was used to extract the centroids of all
sarcomeres in the image. A small image patch around each z-disc
was used to perform image autocorrelation in the neighborhood to
determine the local orientation of the sarcomere at each z-disc. The
direction of maximum periodicity at each z-disc was identified
from the location of peaks in the autocorrelation image in the spatial
interval of 1.6 to 2.2 um. Knowing the location of each z-disc
and the local orientation of the sarcomeres, we then identified the
neighboring sarcomeres and constructed an empirical probability
distribution function from these set of points. The decay length (1)
was calculated from an exponential fit (ag + a1e”™™ of the peaks in the
probability distribution function. We computed the orientational order
of all the z-discs in the image using the function (32cos*® — 1),
where 0 is the angular offset between each sarcomere and a fixed
global vector 7 of maximal order (director). In addition, we calcu-
lated the persistence of order by measuring the drop in this computed
O.P. as the neighborhood radius around each z-disc is increased
(with the orientation of the central z-disc for each neighborhood as
the director 7).

Statistical analysis

Sample sizes and P values are reported in each figure. Two-tailed,
unpaired Student’s ¢ tests assuming unequal variances, significance
level a = 0.05, comparing isogenic pairs of cell lines (WT1 versus
PKP2tv*'~; and WT2 versus PKPZtV_/_), were performed using
GraphPad Prism 7.5. In the figures, unless otherwise noted, graphs
show means + SEM.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abh3995

View/request a protocol for this paper from Bio-protocol.
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