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Arrhythmogenic cardiomyopathy (ACM) is an inherited disorder with variable genetic etiologies.
Here, we focused on understanding the precise molecular pathology of a single clinical variant

in DSP, the gene encoding desmoplakin. We initially identified a potentially novel missense
desmoplakin variant (p.R451G) in a patient diagnosed with biventricular ACM. An extensive single-
family ACM cohort was assembled, revealing a pattern of coinheritance for R451G desmoplakin and
the ACM phenotype. An in vitro model system using patient-derived induced pluripotent stem cell
lines showed depressed levels of desmoplakin in the absence of abnormal electrical propagation.
Molecular dynamics simulations of desmoplakin R451G revealed no overt structural changes, but

a significant loss of intramolecular interactions surrounding a putative calpain target site was
observed. Protein degradation assays of recombinant desmoplakin R451G confirmed increased
calpain vulnerability. In silico screening identified a subset of 3 additional ACM-linked desmoplakin
missense mutations with apparent enhanced calpain susceptibility, predictions that were confirmed
experimentally. Similar to R451G, these mutations are found in families with biventricular

ACM. We conclude that augmented calpain-mediated degradation of desmoplakin represents

a shared pathological mechanism for select ACM-linked missense variants. This approach for
identifying variants with shared molecular pathologies may represent a powerful new strategy for
understanding and treating inherited cardiomyopathies.

Introduction

Arrhythmogenic cardiomyopathy (ACM) is an inherited disease characterized by fibrofatty replacement
of the myocardium, ventricular arrhythmias, heart failure, and elevated risk of sudden cardiac death (1).
Previously known as arrhythmogenic right ventricular cardiomyopathy, the more inclusive designation of
ACM reflects increasing recognition that either ventricle (or both) can be involved (2). The majority of
biventricular cases feature primary right ventricular impairment, with secondary left ventricular involve-
ment occurring in the later stages of disease progression (3). However, recent work has identified a subset
of cases that present with left ventricular fibrosis, arrhythmias, and a mildly affected right ventricle (4, 5).
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ACM-linked mutations have been identified in a variety of desmosomal genes, including plakophi-
lin (PKP), junction plakoglobin (JUP), desmoglein (DSG), desmocollin (DSC), and desmoplakin (DSP).
Although desmoplakin mutations comprise only approximately 5% of ACM cases (1), they have been
shown in a large multicenter study to be associated with an unusually high degree of penetrance (6).
Truncating mutations to desmoplakin, resulting in lower total protein levels, are linked to more severe out-
comes and early occurrences of sudden cardiac death (7, 8). Additionally, of the 42 previously reported
truncating mutations in desmoplakin, the majority are found in patients with left ventricular disease (7).
Therefore, the presence of a truncating desmoplakin variant in an individual indicates significant future
risk for developing ACM with left ventricular involvement.

In contrast with truncating mutations, missense mutations to desmoplakin do not appear to have con-
sistent clinical phenotypes. While some of the literature reports earlier ACM presentation with increased
severity as a result of missense mutations (9, 10), missense mutations in desmoplakin are not uniformly
linked with left ventricular manifestation of ACM (11). The absence of a consistent clinical phenotype
for missense desmoplakin variants limits the clinical value of genotyping in the management of ACM
and calls for a more nuanced understanding of their molecular pathologies. We have approached the task
of elucidating genotype-phenotype relationships for desmoplakin missense variants through a potentially
novel combination of several complementary techniques, including genetic linkage analysis, experimental
and computational biophysics, and induced pluripotent stem cell-based (iPSC-based) disease modeling.

Our efforts initially focused on a specific missense desmoplakin variant (p.R451G) identified in a
human cohort. Experimental evidence led to the discovery that the desmoplakin protein encoded by DSP
R451G showed enhanced calpain vulnerability. Using experimental and in silico tools, we subsequently
identified 3 additional missense desmoplakin mutations that share the molecular phenotype of enhanced
calpain-mediated degradation. Importantly, these 4 mutations together share the clinical phenotype of
biventricular ACM. Our data point to a mechanism by which certain desmoplakin missense mutations are
functionally equivalent to truncating mutations, leading to the same biventricular ACM phenotype.

In addition to identifying common pathomechanisms between missense desmoplakin variants, the suc-
cess of this approach supports the potential of in vitro and in silico tools to enhance the value of clinical
genetic testing, revealing common disease pathways and paving the way for precision molecular therapies.

Results

The ACM phenotype segregates with a potentially novel mutation in desmoplakin (p.R451G). The index patient (I11-28)
was a 44-year-old male who suffered sudden cardiac death during vigorous exercise. The patient had a history of
asymptomatic biventricular dysfunction on cardiac MRI (Figure 1A and Supplemental Video 1; supplemental
material available online with this article; https://doi.org/10.1172/jci.insight.128643DS1). Gross examination
of the heart during autopsy revealed dilation of the right ventricle and severe fibrofatty scarring in the left and
right ventricles. H&E and Masson’s trichrome staining of myocardial explants from a second individual (I11-26)
revealed extensive biventricular myocyte disarray and fibrofatty infiltration (Figure 1B). Following a positive
diagnosis for ACM by the 2010 Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC) Task Force criteria,
whole-exome sequencing identified a potentially novel missense variant in the gene DSP (ENST00000379802.8;
¢.1596CGT>GGT; Chr. 6:7568521, GRCh38.p12) encoding desmoplakin (p.R451G).

We proceeded with cascade genetic screening of 115 additional family members, 45 of whom (39%) were
found to carry the desmoplakin R451G mutation [G(+)] (Figure 1C). All genetically tested individuals were
asked to self-report information about their health status and cardiac symptoms and, in cases in which patients
were systematically followed by a cardiologist, allow access to their medical records. None of the G(-) patients
reported a history of cardiomyopathy or heart failure. We obtained access to records of 21 G(+) individuals, of
whom 15 were symptomatic or phenotype positive [G(+)P(+)], based on evidence of one or more of the fol-
lowing: (a) ventricular dysfunction, dilation, or scarring/fat infiltration on imaging studies or autopsy reports
in the absence of other causes (e.g., coronary ischemia); (b) recorded ventricular arrhythmias; (c) implantable
cardioverter-defibrillator (ICD) implant; and/or (d) sudden cardiac arrest or death. Of the G(+)P(+) patients, 6
had evidence of dilated cardiomyopathy, 1 fulfilled 2010 Task Force criteria for ARVC, and 5 had biventricular
involvement. The 3 remaining patients experienced ventricular arrhythmias with no evidence of structural
heart disease on echocardiography or cardiac MRI. No individual exhibited any connective tissue dysplasias
(wooly hair, skin, or teeth abnormalities), which can present with some ACM variants (12). The demographic,
clinical, and imaging data of G(+)P(+) patients in our cohort are presented in Table 1 and Table 2.
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Figure 1. Patient presenting with genetically linked ACM. (A) Short-axis cardiac magnetic resonance image of the proband (111-28) 1 decade prior to a
sudden cardiac death episode. Dilation of the left ventricle (LV) and right ventricle (RV) and RV wall thinning are clearly evident. (B) Representative images
of cardiac biopsy from a second sudden death victim, individual 111-26, showing hallmarks of arrhythmogenic cardiomyopathy (ACM), including exten-

sive biventricular myocyte disarray and fibrofatty infiltration. Images show H&E-stained sections (left) and Masson’s trichrome-stained sections (right)
from the LV (top) and RV (bottom). Original magnification, x100. Histology of the RV free wall shows an extensive fatty infiltrate (arrows) and areas of
full-thickness replacement of RV myocardium by adipose tissue. The residual muscle is present in a band-like or wave-front pattern (H&E). Trichrome
staining highlights transmural fibrofatty infiltration by the fibrotic tissue in blue (arrows). Histology of the LV shows patchy fibrosis (arrows, H&E).
Trichrome staining highlights patchy fibrosis (arrows) and mild subepicardial adipose tissue replacement (asterisks). (C) Extended pedigree of proband.
White symbols represent unaffected individuals that also lack the DSP R451C mutation. Gray symbols represent individuals that carry the R451G mutation
but do not yet show clinical phenotype [G(+)P(-)]. Black symbols with a white center represent mutation positive individuals with clinical symptoms of
ACM [G(+)P(+)]. Slashes denote deceased individuals. Asterisks denote individuals who experienced a sudden cardiac death event. Analysis revealed a
highly significant linkage between DSP R451G and the ACM phenotype (LOD score 7.65).

Six G(+)P(+) patients (1 male, 5 female) had sudden cardiac arrest or death at a mean age of 40.6
+ 16.2 years; for 2 of them (male/female, cousins) this was the first manifestation of ACM. Autopsies
reported extensive right ventricular fatty infiltration in the first case, and severe left ventricular subendo-
cardial fibrosis in the second. Five patients (1 male, 4 female) have received an IC (4 for primary and 1
for secondary prevention), with 1 subsequent appropriate ICD shock. T wave inversions were observed in
electrocardiograms of all G(+)P(+) individuals, but no epsilon waves were noted.

In our cohort, there seemed to be no apparent pattern in disease progression. Yearly imaging studies
showed stable left ventricular dysfunction for 5 years after diagnosis in 1 individual (left ventricular ejection
fraction = 35%), followed by a gradual decline over the next 4 years (down to 17%). Another individual
showed a substantial increase in right ventricular chamber size (right ventricular end-diastolic volume from
134 ml to 252 ml), along with de novo appearance of extensive left ventricular fibrosis (assessed by late gad-
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Table 1. Patient Characteristics

G(+)P(+) patients with available medical records (n) 15
Demographics and clinical information
Age (yr) 449151
Sex (M/F) (n) 4/M
BMI (kg/m?) 25.8+6.8
SBP (mm Hg) 116.8 +18.4
DBP (mm Hg) 72.6+81
HR (bpm) 724 +6.8
Antiarrhythmic medication (n) 8
ICD implanted (n) 5
Ventricular involvement
Biventricular ACM (n) 5
ALVC (n) 6
ARVC (n) 1
Left ventricular function
LVEF 255% (n) 4
LVEF 35-55% (n) 6
LVEF <35% (n) 2
Fibrosis (LGE) on CMR (n) 4
Events and outcomes
Sustained VT (n) 3
NSVT (n) 6
Syncope (n) 4
SCD episodes (n) 6
Age at SCD (yr) 40.6 +16.2

SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; ICD, implantable cardioverter-defibrillator;
ACM, arrhythmogenic cardiomyopathy; ALVC, arrhythmogenic left ventricular cardiomyopathy; ARVC, arrhythmogenic
right ventricular cardiomyopathy; LVEF, left ventricular ejection fraction; LGE, late gadolinium enhancement; CMR,
cardiac MRI; VT, ventricular tachycardia; NSVT, nonsustained VT; SCD, sudden cardiac arrest or death.

olinium enhancement) on cardiac MRI, within the span of 12 months (without an obvious precipitator).
A third individual followed a moderate gradual decline of left ventricular function (left ventricular ejection
fraction from 45% to 28%) over 9 years (Supplemental Figure 1, A-D).

Linkage analysis using available clinical data revealed a maximum logarithm of the odds (LOD)
score for coinheritance of the ACM phenotype and the p.R451G mutation to be 7.65 (6 = 0). In other
words, the odds that the ACM phenotype and p.R451G are not linked are less than 1 in 10 million.
Cardiac palpitations and atrial fibrillation were present in some elderly G(-) individuals, but this was
not regarded as evidence of cardiomyopathy for LOD score calculations.

R451G individuals have reduced levels of select proteins at intercalated discs. We used immunofluorescence to
assess the subcellular localization of desmoplakin and other essential intercalated disc proteins. Left ventric-
ular explants obtained during autopsy of individual I1I-26 revealed a decrease in levels of desmoplakin and
connexin-43 at the intercalated disc (Figure 2A). Colocalization analysis of desmoplakin and N-cadherin (an
intercalated disc marker) showed a significant reduction (42% loss) in immunoreactive signals of desmoplakin
at the intercalated disc compared with a donor control (Figure 2B). Interestingly, connexin-43, an essential gap
junction protein, also showed a significant reduction (65% loss) at the intercalated disc (Figure 2B). Altered
desmoplakin levels at the intercalated discs have been shown to impair connexin-43 membrane localization (13).
Plakoglobin, another desmosomal protein, was distributed normally with N-cadherin at the intercalated disc.

Engineered heart tissues constructed from patient-derived iPSCs exhibit reduced levels of desmoplakin in
the absence of conduction velocity defects. According to previously published reports, decreased amounts
of desmoplakin at the intercalated disc may lead to a loss of functional connexin-43 and impaired
electrical conduction among neighboring cells (13, 14). To test this hypothesis, we created engineered
heart tissues (EHTs) grown from iPSCs of a G(+)P(+) individual and a healthy G(-)P(-) sibling (Sup-
plemental Figure 2, A-C). In contrast to 2D monolayer culture, 3D EHTSs provide a more physiologi-
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Table 2. Patient Characteristics

G(+)P(-) patients with available medical records (n) 6

Demographics and clinical information
Age (yr) 34.8 £ 8.1
Sex (M/F) (n) 0/6
BMI (kg/m?) 246 £3.0
SBP (mm Hg) 110.5 +11.0
DBP (mm Hg) 68.3+76
HR (bpm) 772 +71

SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate.

cal environment and allow for concurrent biomechanical and electrophysiological characterization of
cardiomyocytes. Linear tissue constructs facilitated the concurrent measurement of longitudinal con-
duction velocity and contractile performance(Figure 3A). Western blots of EHTs showed that R451G
EHTs contained significantly lower amounts of desmoplakin compared with WT EHTs (Figure 3C),
mimicking patient protein expression patterns (40.0% * 10.3% decrease, P < 0.05). However, there
were no overt morphological differences induced by the R451G mutation compared with WT EHTs
(Figure 3B). Using a ratiometric fluorescent calcium reporter (Fura-2), calcium transients were mea-
sured in EHTs. No significant differences in the calcium handling properties were observed (Figure
3D). Next, we assessed action potential propagation through the EHT. We found no significant change
in the conduction velocity between EHTs made with iPSCs expressing R451G mutant or WT desmo-
plakin (12.21 £ 1.456 cm/s vs. 9.356 £ 1.525 cm/s; Figure 3E). In order to verify that conduction was
happening due to propagation through gap junctions, we treated our constructs with the gap junction
blocker carbenoxolone and saw a corresponding 37.9% decrease in conduction velocity in both WT
and mutant EHTs (Supplemental Figure 3).

In addition to conduction velocity, we assessed the total and phosphorylated levels of connex-
in-43 in both WT and mutant EHTs. Notably, mutant EHTs exhibited higher levels of phosphorylated
connexin-43 at Ser368 compared with WT EHTs, despite a significant reduction in total connexin-43
protein (Figure 3F). Phosphorylation of Ser368 in connexin-43 has been implicated in marking the
gap junction for degradation via the ubiquitin proteolytic system, which could explain the decrease in
overall connexin-43 levels (15).

‘We next assessed potential changes in mechanical properties of the tissues. Sarcomeres are longitudinally
linked to the cell membrane via intermediate filament connections, which terminate at desmosomal plaques.
Thus, we reasoned that destabilized desmosomes could lead to impaired contractile dynamics. Interestingly,
we observed a significant increase in the time to peak contraction in the mutant EHTs compared with WT
(0.1853 £0.0034 s WT vs. 0.2165 = 0.0051 s R451G, P < 0.0001), without a corresponding difference in peak
force (304.8 + 41.47 uN WT vs. 330 £ 64.53 uN R451G, P = 0.7110) or time to 50% relaxation (0.1168 +
0.0028 s vs. 0.123 £ 0.0036 s in WT vs. R451G, P = 0.2006, respectively; Figure 3, G-J).

DSP mRNA levels are not reduced in homozygous R451G EHTs. After recapitulating reduced desmoplakin
levels in patient EHTs, we then investigated whether the protein loss was a result of lowered levels of
mRNA transcript. In order to eliminate possible confounding secondary genetic factors, we utilized CRIS-
PR/Cas9 to produce a potentially novel cell line homozygous for DSP R451G (R451G/R451G), derived
from a commercially available (Coriell Institute for Medical Research) healthy control line (WT/WT, Fig-
ure 4A). RT-gPCR was performed on 14-day-old EHTs made with either R451G/R451G or isogenic WT/
WT cardiomyocytes to probe for any differences in DSP transcripts. Primers targeted regions upstream of
the R451G mutation, flanking the mutation, and downstream of the mutation. Expression levels of DSP
mRNA were not significantly different between the two cell lines at any of the targeted regions (Figure 4B).
This suggests that the mutation does not result in altered processing of DSP mRNA.

The R451G mutation does not overtly affect the structure or stability of desmoplakin. With immunofluorescence
analysis of a patient sample and EHT evidence indicating a loss of desmoplakin protein in the absence of
depressed mRINA levels, we hypothesized that the R451G variant destabilizes the protein and allows increased
degradation. In order to test this hypothesis, we turned to in silico modeling and biophysical structural analysis

https://doi.org/10.1172/jci.insight.128643 5
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Figure 2. Significant loss of desmoplakin and connexin-43 at the intercalated discs in an R451G-positive patient with clinical ACM diagnosis. (A) Rep-
resentative immunofluorescence images from a donor control (OSU 652849) and patient I11-26, who carried DSP R451G and was clinically diagnosed with
ACM. Left ventricular tissue was stained with antibodies for desmoplakin (left), connexin-43 (middle), or plakoglobin (right). Tissues were costained with
an antibody for N-cadherin (green), identifying intercalated discs. Scale bar: 40 um. (B) Mander’s colocalization analysis of selected protein overlap with
N-cadherin at intercalated disks. Individual 111-26 had significantly lower amounts of desmoplakin (n = 42 control and n = 49 patient) and connexin-43 (n
=50 control and n = 60 patient) at intercalated discs as compared with donor controls. There was no significant loss of plakoglobin at the intercalated
disk (n = 40 control and n = 37 patient). *P < 0.0001 using 2-tailed unpaired t test with Bonferroni correction. Error bars represent SEM.

of the WT and mutant protein. Desmoplakin is a modular protein with 3 distinct regions (Figure 5A and ref.
16). The NH,-terminal third of the protein is composed of 6 a-helical spectrin repeats (SRs) and a Src homol-
ogy 3 (SH3) domain. The middle portion of desmoplakin consists of a coiled-coil rod domain necessary for
homodimerization, and the COOH-terminus contains 3 plakin repeat domains. The R451G variant maps to
the SH3 domain, which is a known hotspot of ACM-associated mutations. 24% of pathological desmoplakin
variants map to a region spanning approximately 200 amino acids within the NH,-terminus of the protein (4,
17, 18, 19, 20). However, circular dichroism experiments did not reveal any significant differences in either
helical content or global protein stability between the WT and R451G constructs (Figure 5C). In addition,
molecular dynamic (MD) simulations show no gross structural deviations between the WT and mutant protein
(Figure 5B). A recent report by Daday et al. found the SH3 domain to remain correctly folded, despite applied
forces large enough to destabilize other domains in desmoplakin (21). It is therefore not entirely surprising that
desmoplakin remains macroscopically unchanged, despite a single residue substitution (21). We conclude that
global protein structure stability is unaffected by the introduction of a glycine at position 451 of desmoplakin.
R451G desmoplakin is more sensitive to calpain-mediated degradation. We next investigated more regulated
means of protein destabilization that could lead to loss of desmoplakin protein at the intercalated disc. It
has previously been shown that a missense mutation in plakophilin-2 leads to increased degradation by
calpain, a calcium-dependent protease (22). We tested the hypothesis that desmoplakin is also a target for
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Figure 3. Engineered heart tissues from patient-derived induced pluripotent stem cells exhibit reduced levels of desmoplakin. (A) Engineered heart
tissues (EHTs) were created by differentiating cardiomyocytes from patient-derived induced pluripotent stem cells (iPSCs) and seeding cells into decellu-
larized porcine myocardial slices. Constructs were used to assess contractility and electrical conduction velocity. (B) EHTs were generated using cardiomy-
ocytes differentiated from G(+)P(+) patient I11-36 and G(-)P(-) sibling I11-35, denoted as EHT /masic and EHT e respectively. Bright-field images of EHTs
show similar matrix compaction and morphology between the 2 types. Scale bar: 1 mm. (C) Representative immunoblot of desmoplakin (DSP) protein
levels in EHTs shows substantial loss in the patient-derived tissue, which was statistically significant when quantified across several samples (*P < 0.05

for 2-tailed unpaired t test; n = 5 WT and n = 7 R451G). (D) Ca** transients collected from EHT rmasic and EHT showed no differences between the 2
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tissue types. (E) Measurements of longitudinal conduction velocity in EHTs showed no differences between EHT,rmasic and EHT e (unpaired t test; n =7

and 8 respectively). (F) Protein levels of connexin-43 (Cx43) and phosphorylated (Ser368) Cx43 in EHTs normalized to sarcomeric actin reveals significantly
reduced Cx43 and significantly elevated levels of phosphorylated Cx43 in EHT, ... (*P < 0.05 for 2-tailed unpaired t test, n = 3). (G) Representative force
transients collected simultaneously with above Ca* transients reveal a delayed time to peak force in EHT, - o.c.c. (H) Maximal force produced by EHTs. (1)
Time from stimulus to maximal force. (J) Time elapsed from point of maximal force to 50% relaxation (RT50). ***P < 0.001 for 2-tailed unpaired t test with

Bonferroni correction (n = 16 EHT,,;y;and n=8 EHTWT/R451G). Error bars represent SEM.

calpain-mediated degradation. Healthy human donor heart lysates exposed to exogenous calpain showed a
complete loss of full-length endogenous desmoplakin compared with lysates with no treatment (Figure 6B).
In addition, simply increasing the exogenous calcium levels significantly reduced full-length desmoplakin
levels, presumably by activation of endogenously expressed calpain present in the myocardial lysate (Figure
6B). These data suggest that desmoplakin is indeed a target for calpain-mediated degradation.

To assess where calpain may target desmoplakin, we performed in silico analysis using publicly avail-
able prediction algorithms (GSP-CCD 1.0 and calpcleave; refs. 23, 24). These algorithms predicted 14 cal-
pain target sites within the NH -terminus of desmoplakin. We further limited our search to sites that were
(a) expected to be targeted with both prediction algorithms, (b) within 7 A of the mutation hotspot area,
and (c) solvent exposed. With these criteria, only 2 sites remained, at positions 449 and 455. Although these
sites are quite near each other in sequence and reside in the same loop, we focused our attention on the
449 site, due to it being a better fit for calpain targeting and the more solvent exposed of the 2 sites (Figure
6A). Within 7 A of this site, there exist 11 intraresidue hydrogen bonds or electrostatic interactions, based
on the x-ray structure (ref. 25 and Figure 6A). These noncovalent interactions constitute a 3-loop region,
which functions to hold the putative calpain target site close to the SH3 domain and a loop of a neighboring
SR. In an MD simulation of 100 ns, WT desmoplakin maintained, on average, 9.18 of these noncovalent
bonds. In contrast, simulations on the R451G variant have only 5.83 bonds (Figure 6C). In addition, there
is a wider distribution of bonds present in R451G, which may suggest increased flexibility. Thus, the puta-
tive calpain target site is not as tightly tethered to the rest of the molecule in the R451G mutant. This find-
ing is recapitulated in examination of exposed surface area for residues 447-451; the introduction of the
glycine at position 451 significantly increased the exposed surface area of that region compared with WT
(Figure 6, D and E). These simulations suggest that the R451G mutation causes the putative 449 calpain
target site to be hyperavailable for protease activity.

To test the MD prediction that the R451G mutation increases susceptibility of desmoplakin to cal-
pain, we performed calpain assays using recombinant desmoplakin (amino acids 1-883) WT and mutant
proteins. WT desmoplakin was stable even in the presence of calpain and 10 mM calcium (Figure 7A). In
comparison, the R451G protein showed increased degradation after 10 minutes and significant loss of pro-
tein after 30-minute exposure to calpain and calcium (Figure 7, B and C). Mutant desmoplakin exhibited
markedly faster degradation compared with WT. 40% of the R451G desmoplakin was lost in the first 30
minutes compared with minimal loss of the WT protein. These results, in conjunction with the MD data,
support our hypothesis that the main molecular consequence of the R451G mutation is to increase calpain
target site exposure and subsequently promote desmoplakin degradation.

EHTs expressing mutant desmoplakin respond differently to calpain inhibition. We next sought to demonstrate
directly that lower desmoplakin abundance in EHTs expressing desmoplakin R451G is due to enhanced cal-
pain-mediated degradation. Desmoplakin protein abundance was measured in EHTs made from R451G/
R451G or control cells, with and without 72-hour treatment with the calpain inhibitor MDL-28170. Analy-
sis of desmoplakin protein levels with 2-way ANOVA revealed a significant interaction between expression
of desmoplakin R451G and the presence of calpain inhibitor, meaning that the effect of MDL-28170 on
desmoplakin protein levels depended on genotype (Figure 8). Specifically, MDL-28170 had the effect of
decreasing desmoplakin in control EHTs, while levels were unchanged in EHTs expressing only desmo-
plakin R451G. Thus, calpain inhibition raised desmoplakin protein levels in R451G/R451G EHTs relative
to control. These results are supportive of a mechanism whereby DSP R451G affects protein stability,
resulting in diminished abundance of the desmoplakin in spite of normal transcript levels.

Pathogenic ACM-linked mutants are predicted to have varying degrees of calpain susceptibility. The R451G muta-
tion occurs in a reported hotspot region of desmoplakin for ACM-linked variants (residues 280-515; Figure
9A). To see if this was the primary pathomechanism of other mutations in desmoplakin, we conducted
similar predictive MD simulations on S299R, N3751, S442F, 1445V, N458Y, K470E, and S507F. Simulations
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Figure 4. EHTs homozygous for R451G maintain normal levels of DSP mRNA. (A) Genotyping of the control cell line (WT/WT) and the same cell line after
CRISPR/Cas9 manipulation to introduce the DSP R451GC mutation (ENST00000379802.8; c.1596CGT>GGT; Chr. 6:7568521, GRCh38.p12) at both alleles (R451G/
R451G). (B) RT-gPCR was performed on engineered heart tissues formed from WT/WT and R451G/R451G cardiomyocytes in order to probe for DSP mRNA
abundance. Several different primer pairs covering different exon junctions indicate that similar levels of DSP mRNA were expressed in both cell lines and that
the introduction of ¢.1596CGT>GGT did not affect mRNA stability or result in alternative splicing (2-tailed unpaired t test with Bonferroni correction; n = 3).
Blue and orange arrows represent regions targeted by forward and reverse primer pairs. Cycle thresholds were normalized to TNNT2 (cardiac troponin T).

on 4 of the variants (N375I, 1445V, N458Y, and K470E) mimic WT in both the number of interactions
and surface area exposure (Figure 9, B and C, and Table 3). However, MD simulations of 3 other variants
(S299R, S442F, and S507F) show both a reduced number of intermolecular interactions and an increase in
the exposed surface area of the putative calpain target site (Figure 9, B and C, and Table 3). This led us to
predict that S299R, S442F, and S507F would have increased susceptibility to calpain degradation.

Using a recombinant calpain assay, the 3 variants, S299R, S442F, and S507F, were found to degrade
more rapidly and completely compared with the other mutants. Degradation rates for N3751, 1445V, N458Y,
and K470E variants were not significantly different from WT (Figure 9D). Thus, our results suggest that
a subset of ACM-associated missense mutations within this hotspot region of desmoplakin act primarily
through destabilizing molecular interactions that protect calpain target sites. The significant correlation (P
< 0.05) between MD simulation parameters (exposed surface area of the calpain target site and number of
intramolecular interactions) and in vitro biochemical properties (total protein remaining following calpain
degradation and rate of degradation) validates the in silico predictions of calpain vulnerability (Figure 9E).

A Plakin Coiled-Coil  Plakin Repeat
Domain Domain Domain
NZPB SR3 SR4 SR5 SR6 w SR8 SR9 PRD-A § PRD-B X PRD-C Jelele]Z!

Figure 5. Glycine substitution at residue
451 results in no overt structural defects
in desmoplakin. (A) Schematic of
desmoplakin showing the location of the
(o] 1.0 mutated residue (R451G). The mutation
occurs near the NH,-terminus region,
which is responsible for interacting with
the armadillo proteins of the desmo-
Molar 05. some. (B) Dverlaic! structural modells
Ellipticity of. WT desmoplakin an.d desmoplakin
WT with the R451C mutation after a 60-ns
R451G MD simulation. (C) Circular dichroism at
222 nm, normalized to 20°C for WT and
0.0 T | R451G desmoplakin. As temperature was
25 60 90 increased, both proteins showed similar
Temperature (°C) degradation profiles.
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insight.jci.org  https://doi.org/10.1172/jci.insight.128643 9



. RESEARCH ARTICLE

A

B C D
Calpain DSP
= DSP wT
250kDa | em DSP WT
37KDA [ e | || GAPDH i
DSP NH2
*k R451G
*
—t— 3 6 9 12 E Surface Area Exposure
Total Number of Interactions 250 —_—
Protein {_ 200
au
(@) A2 150 a— —
0 - = (A%) 100 B —
[Ca*](mM): 0 10 0 10 o
Calpain: - -+ o+
DSP DSP
WT R451G

Figure 6. Increased exposure of a calpain target site on desmoplakin due to a glycine substitution at residue 451. (A) Ribbon model of desmoplakin
showing location of affected calpain site (resides 447-451). Inset shows intramolecular interactions surrounding the putative calpain site. (B) Immuno-
blots of lysates from a donor control heart (OSU 294050) for changes in desmoplakin levels following the addition of exogenous Ca?* or calpain. Addition of
10 mM Ca?** over endogenous levels results in significant degradation of desmoplakin. Addition of exogenous calpain further reduced levels of desmoplakin
at both endogenous levels and increased levels of Ca?* (*P < 0.05, **P < 0.01 for 2-way ANOVA with Tukey’s multiple comparisons test; n = 3). (C) Histo-
gram of the number of noncovalent interactions surrounding the calpain site, calculated from molecular dynamic simulations of WT desmoplakin (blue)
and R451G desmoplakin (red). R451G produced a clear reduction in the average number of noncovalent interactions surrounding the calpain site, possibly
increasing solvent accessibility degradation rate. (D) Surface model of desmoplakin showing the exposure of the affected calpain site in WT desmoplakin
(left) and R451G desmoplakin (right). Red represents the exposed surface of calpain site residues. (E) Average exposed surface area of the calpain site over
the length of the simulation (*P < 0.05, 2-tailed unpaired t test; n = 8). Error bars represent SEM.

Discussion

Truncating desmoplakin mutations have been linked to a biventricular or predominantly left ventricular
presentation of ACM, while missense desmoplakin mutations have proven unpredictable in terms of
the affected chamber. Here, we present evidence for the first time to our knowledge that some desmo-
plakin missense variants mimic truncating alleles by introducing pathological vulnerability to calpain
proteolysis and subsequent desmoplakin insufficiency. Furthermore, the subset of 4 calpain-vulnerable
missense mutations we have identified share a biventricular ACM phenotype reminiscent of that seen
for truncating mutations. In addition to revealing a potentially novel mechanism for desmoplakin vari-
ant pathogenicity, our study supports the idea that detailed biophysical understanding of mutational
consequences can clarify genotype-phenotype relationships in ACM.

Care was taken in this study to align clinical, cellular, molecular, and genetic information in an unbro-
ken chain of evidence to establish the pathogenicity of DSP R451G and its associated mechanism. A
large ACM family provided conclusive data on the clinical phenotype and penetrance of this mutation.
The observed deficiency of desmoplakin at the intercalated discs of patient tissue was recapitulated in
myocardial tissue engineered from the iPSC line of an affected patient. A genetically engineered cell line
homozygous for desmoplakin R451G confirmed dramatic desmoplakin loss in spite of normal levels of
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Figure 7. Decreased stability of recombinant desmoplakin NH,-terminus with R451G mutation. (A) A recombinant glutathione-S-transferase-tagged
desmoplakin fragment consisting of the first 883 amino acids (GST-DSP, ,,,WT) was bacterially expressed and purified. After the fragment was incu-
bated with calpain for 5-, 10-, 15-, or 30-minute intervals, degradation products were separated via SDS-PAGE and visualized by staining with Sypro
Ruby. Very little degradation was observed. (B) The same experiment was repeated with a fragment containing the R451G amino acid substitution
(GST-DSP, ,,R451G). This gel shows substantial decrease of the intact fragment over time as it is exposed to calpain. (C) Quantification of gel images
across repeated experiments reveals a significant increase in calpain-mediated degradation of the mutant R451G recombinant DSP protein relative to
WT (*P < 0.05 for 2-tailed unpaired t test at 30-minute time point; GST-DSP.____\WT n = 4; GST-DSP, ___R451G n = 3). Error bars represent SEM.
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DSP transcript. Molecular dynamic predictions of enhanced calpain target site exposure in R451G des-
moplakin were supported by significantly accelerated degradation with in vitro experiments. Calpain inhi-
bition in EHTs expressing exclusively desmoplakin R451G showed a partial restoration of desmoplakin
levels relative to control. These results document clear risk for patients carrying DSP R451G and suggest
possible avenues for therapeutic intervention.

Additional questions about cell- and organ-level disease mechanisms in ACM remain, but our work does
provide insights in this vein. The early phenotypes evident in patient-derived EHTs were somewhat surprising.
While these EHTSs recapitulated the loss of desmoplakin and connexin-43, we did not see the expected change
in electrical propagation. Numerical simulations have shown that a 50% loss in gap junction conductance
leads to only modest changes in conduction velocity (26), hence the observed decrease in connexin-43 may
not be sufficient to induce impaired conduction. This is in line with another study, which reported arrhyth-
mogenic potential in an ACM model system in spite of normal conduction velocity (27). EHTs expressing
mutant desmoplakin exhibited slower force development compared with EHTs expressing WT desmoplakin.
This is in agreement with evidence that localized regions of dyskinesia represent an early disease marker (28).

In addition to R451G, we investigated several other known pathogenic missense desmoplakin
mutations (S299R, N3751, S422F, 1445V, N458Y, K470E, and S507F) to see if they presented with a
similar pathomechanism and resultant phenotype. Although 3 seemed to function similarly to R451G,
2 of the other variants (N458Y and K470E) were predicted not to cause any change to the putative
calpain site (447-451). Work by others has shown that in fact the N458Y mutation alters desmoplakin
function in an alternate way (possibly by weakening EB-1-binding interactions; ref. 13). In that study,
human keratinocytes expressing these variants showed no decrease in the amount of expressed des-
moplakin compared with WT controls. It appears as though variants, even within close proximity, can
give rise to distinct molecular and clinical pathologies (29).

Perturbations to normal calpain-mediated degradation may be a common ACM mechanism, not
limited to mutations in desmoplakin. Kirchner et al. presented evidence that a missense mutation in
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plakophilin-2 leads to increased degradation through calpain (22). Although this mutation appeared in
a patient who met the 2010 ARVC task force criteria, linkage of the mutation to the ARVC phenotype
was called into question by some due to the small size of the family in that study (22). Our work lends
support to the conclusions of Kirchner et al. by demonstrating a similar mechanism in a very large
kindred of sufficient size to provide unambiguous statistical linkage. Together, the two studies point
to increased calpain-mediated proteolytic degradation as a primary disease mechanism for a subset of
ACM patients and suggest that calpain should be targeted in research for novel therapies.

Other findings presented here further highlight the need for treatment strategies that match the diverse
underlying molecular pathologies associated with ACM. Immunofluorescence imaging of cardiac tissue from
an R451G patient autopsy showed no decrease in plakoglobin levels at the intercalated discs, even in a late
stage with severe myocyte disarray, adipogenesis, and fibrosis (Figures 1 and 2). This conflicts with previous
reports that loss of plakoglobin from the intercalated disc is a universal feature of ACM-linked desmosomal
mutations (30). Our observations, together with similar findings in a mouse model of ACM (31), suggest that
nuclear localization of plakoglobin and consequential aberrant Wnt/p-catenin signaling are not a necessary
condition for biventricular ACM presentation. Rather, that mechanism may dominate in an alternate subset
of ACM mutations. This seems to be the case in work by Asimaki et al., who found that SB216763, an inhibi-
tor of GSK3p and thus activator of the canonical Wnt pathway, was able to correct protein mislocalization in
a zebrafish model expressing mutant plakoglobin (JUP 2057del2; ref. 32). SB216763 has also shown efficacy
in models expressing selected ACM-associated mutations to PKP2 or DSG2 (33). Importantly, each of these
mutations were demonstrated to trigger plakoglobin mislocalization, suggesting overall that GSK3p inhibi-
tion therapy may be uniquely suited to mutations having this shared phenotype (33). This heterogeneity of
molecular pathologies, including the possible susceptibility to degradation by calpain that we have uncovered,
should be taken into account when exploring and testing treatment strategies for ACM.

Whole-exome sequencing of cardiomyopathy patients commonly reveals variants of unknown signif-
icance (34). A persistent clinical challenge is the differentiation between a true disease-causing mutation
and one of many harmless variants. Recent work showed that 16% of healthy individuals harbor a single
nucleotide polymorphism in one of the desmosomal genes (35). Current computational tools based on
heuristic interpretation, such as SIFT or PolyPhen2, often mischaracterize the pathogenicity of unknown
variants. For example, a meta-analysis showed that, of 209 pathogenic variants clearly linked to clinical
ACM, Poly-Phen? classified 41 of them as benign (36). While genetic linkage analysis is an effective way
to classify variants by pathogenicity, it is not always feasible due to the difficulty of assembling a large
kindred necessary for sufficient statistical power. Our approach, using bilateral in silico and in vitro mod-
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Figure 9. Increased calpain degradation is common to other ACM-linked mutations in DSP. (A) Model showing the location of 7 other ACM-linked
desmoplakin mutations in relation to the R451G variant. Together, these mutations constitute a potential hotspot with shared molecular pathol-
ogy. (B) Molecular dynamic simulations were run on these 7 additional ACM-linked mutations, and the number of intramolecular interactions
around the calpain target site were calculated. Histograms showing the frequency of intramolecular interactions reveal a variety of mutation-as-
sociated changes, including reduced interactions for 3 mutants in particular (5299R, S442F, and S507F). (C) Models of desmoplakin showing the
surface exposure of the affected calpain site (red) suggest that exposure in S299R desmoplakin is greater than for the WT structure. This predicted
increase was statistically significant when examined across several repeat simulations (*P < 0.05, 2-tailed t test, n = 9 WT and n = 4 S299R). (D)
Each of the 7 hotspot mutations was recombinantly expressed in DSP NH,-terminal fragments, purified, and incubated with calpain and Ca** for 30
minutes. Total protein remaining was determined for each mutation. S299R, S442F, and S507F each showed significant degradation relative to WT
fragment over the same interval (*P < 0.05 for 1-way ANOVA with Tukey’s multiple comparisons test; WT n = 3; variants n = 3). Error bars represent
SEM. (E) In order to test the predictive ability of the molecular dynamic simulations, regression analysis was performed on predicted calpain site
surface area exposure and the percentage desmoplakin remaining after calpain treatment for each variant and WT. The 2 quantities were signifi-
cantly correlated (R? = 0.63, P < 0.05, linear regression analysis).
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Table 3. Mutations

eling aimed at elucidating primary molecular pathomechanisms may ultimately
address limitations posed by existing methods, resulting in more accurate predic-

Mutation Surface
WT

S299R
N375I

S442F
1445V
R451G
N458Y
E470K
S507F

area exposure (A% + SD  tions of pathogenicity for variants of unknown significance.

127 + 4.88 Foremost among the questions raised by this work is the need to identify
159 +10.7 a means of blocking calpain-mediated desmoplakin degradation with greater
123+4.5 specificity. A calpain inhibitor, such as MDL-28170, appears to have wide-spread
164 +7.3 effects on cardiomyocyte function, such that it actually decreases desmoplakin
120:4 in control cells. In desmoplakin R451G EHTs, it appears that nonspecific des-
11:;1;77[; moplakin loss (as observed in control cells) was balanced by increased desmo-
133473 plakin levels from lowered calpain-mediated degradation. Hence, MDL-28170
148 + 8.6 treatment resulted in only a modest relative restoration of desmoplakin levels

in EHTs expressing desmoplakin R451G rather than an absolute increase. It is
clear that future therapeutic strategies must interfere with calpain-desmoplakin

interactions with high specificity.

The nuclear localization, if any, of desmoplakin cleavage products promoted by R451G was not con-
sidered in this study. Literature has shown that cleavage products of mutant junctophilin-2 can translocate
to the nucleus, where they effect transcription (37). Our measurements of protein levels and localization
did not show evidence of cleavage products translocating to the nucleus, but it is possible that some degra-
dation products were not recognized by the antibodies used.

Another area of future work lies in developing clearer connections between clinical disease and
in vitro phenotypes in iPSC-derived EHTs. Desmoplakin R451G EHTs did not exhibit any arrhyth-
mogenic markers, such as decreased conduction velocity, or other pathological features, such as lipid
droplet deposition or increased apoptosis. Other studies using human iPSCs to model ACM have failed
to observe decreases in conduction velocity and only observed differences in action potential shape and
presence of lipid droplet after concerted attempts to induce metabolic maturation (27, 38, 39). It there-
fore seems that improved metabolic maturation will be a prerequisite to observing clear functional effects
of desmoplakin loss in our EHT system.

In summary, we have presented evidence that specific missense desmoplakin variants cause ACM char-
acterized by prominent left ventricle involvement, fibrosis, and sudden death. Further, we have presented
evidence that the primary effect of DSP R451G is increased susceptibility to proteolytic degradation by
calpain, leading to desmoplakin insufficiency. The use of in silico simulation tools to quantify aberrant
molecular behavior triggered by this mutation made it possible to identify other mutations linked to ACM
that function through the same mechanism.

Methods

Clinical analysis and genetic linkage. Whole-exome sequencing was conducted on proband samples (I11-28).
Following identification of the R451G mutation in desmoplakin, additional participating individuals
submitted saliva samples, which underwent targeted sequencing focused at identifying the R451G vari-
ant in desmoplakin. A sample of patient genomic DNA was used to amplify exon 11 of the DSP gene
by PCR using the following conditions: denaturation at 96°C for 2 minutes followed by 35 cycles of 30
seconds at 96°C, 30 seconds at 55°C, and 40 seconds at 72°C. Sanger sequencing was carried out on the
products of this reaction on an Applied Biosystems 3730xL DNA Analyzer using Applied Biosystems
Big Dye chemistries. ACM phenotypes were explored through medical record, history and autopsy data
reviews. Linkage analysis was conducted using LINKAGE (40). The frequencies for alleles 1 and 2 were
0.804 and 0.196, as informed by the occurrence rate in the pedigree. A conservative disease penetrance
of 0.5 was used, but our data suggests that the actual penetrance may be closer to 0.9 (14 of 15 mutation
carriers older than 60 years of age expressed at least 1 ACM phenotype).

Procurement of human heart samples. Heart sample harboring the desmoplakin R451G variant was
obtained from patients III-26 and III-28 during autopsy. Nonfailing donor heart samples were obtained in
collaboration with the Lifeline of Ohio Organ Procurement program from an organ donor without diag-
nosed heart failure whose heart was not suitable for transplantation. The donor heart was removed and
immediately submersed in ice-cold cardioplegic solution containing 110 mM NaCl, 16 mM KCI, 16 mM
MgCl,, 10 mM NaHCO,, and 0.5 mM CaCl,. Tissues were either snap frozen or prepared for histological
analysis, as discussed below. Biopsies from the free wall of the left and right ventricles were used in this study.
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Histology and immunofluorescence. Following fixation in formalin and paraffin embedding, thin sections
from individual I11-28 were stained with H&E and Masson’s trichrome. Histology analysis was performed
using an Olympus BX40 light microscope with tilting binocular head. Photomicrographs were taken using
the Diagnostic Instruments SPOT RT-SE Digital Camera system.

Immunofluorescence was performed on paraffin-embedded nonfailing donor hearts and biopsies from
individual III-26 using standard protocols (41, 42). Prepared sections were imaged at a magnification of
x40 with a Zeiss 780 confocal fluorescent microscope. Colocalization analysis was completed using a cus-
tom MATLAB script following the Mander’s correlation coefficient method (43).

In silico calpain prediction. Calpain target sites were predicted using GPS-CCD and calpcleave (23, 44).
The 449 site was deemed the most likely cut site due to the likelihood of calpain to cleave, the proximity to
the mutation hotspot, and solvent accessibility.

Computational modeling of WT and mutant desmoplakin. Computational modeling was done using the
human WT desmoplakin Protein Data Bank number 3R6N (25). The desmoplakin S299R, N3751, S442F,
1445V, R451G, N458Y, K470E, and S507F mutation models were generated with the “swap residue” com-
mand in the computer program YASARA and allowed to equilibrate for at least 60 ns in explicit solvent at
310 °K, 150 mM NacCl, as previously described (45, 46). All hydrogen bonds and electrostatic interactions
within 7 A of the putative calpain target site in the original structure were surveyed every 25 ns, and the
data were tabulated using YASARA. Cutoff distances for H-bonds was set to 3.5 A and electrostatic inter-
actions to 5 A. A snapshot of each mutant was generated every 10 ns in YASARA, and the exposed surface
area of residues 447-451 was calculated for each time point using Pymol (23). Calculations and statistics
were performed in R v3.4.0, and data were plotted using ggplot2 (24).

Site-directed mutagenesis and recombinant protein production. The NH -terminus of human desmoplakin
(amino acids 1-883; Addgene plasmid 32227) was directionally cloned into the pGex-4T1 vector (primers
are listed in Supplemental Table 1) (47). The S299R, N3751I, S442F, 1445V, R451G, N458Y, K470E, and
S507F mutations were individually introduced into the WT desmoplakin, .., using the QuikChange Site-di-
rected mutagenesis Kit (Agilent Technologies) according to the manufacturer’s instructions. Introduction of
each mutation was confirmed via sequencing. WT and mutant desmoplakin, ., proteins were produced in
bacteria as GST-fusion proteins using the pGEX-4T1 vector system according to established methods (42).

Circular dichroism. Circular dichroism was obtained using a 3-mm quartz cuvette on a JASCO J-810
spectropolarimeter in 5°C increments from 25°C to 90°C. Experiments were completed in triplicate, using
1-3 uM protein in PBS, pH 8.0. Circular dichroism spectra were taken from 200 to 300 nm.

Calpain assays. Two types of calpain assays were performed: type 1, using human heart lysates, and type
2, using recombinant affinity purified protein (48-51). For type 1, donor human heart tissue was homoge-
nized with a 10 mM Tris HCI-0.32 M sucrose buffer followed by centrifugation. Lysates were diluted to 6
mg/mL with homogenization buffer and an equal volume of assay buffer (40 mM Tris HCI, 50 mM NaCl,
2 mM DTT) with and without 10 mM CaCl, and with and without calpain (MilliporeSigma, C6108). Reac-
tions were incubated at 37°C for 30 minutes, quenched, and analyzed by SDS-PAGE and Western blot.

For type 2, 25 pg purified recombinant protein was diluted in assay buffer, with 10 mM CaCl, and
calpain. Reactions were incubated at 37°C for 30 minutes; 5 pg protein was removed at each time point,
quenched, and analyzed by SDS-PAGE followed by staining with Sypro Ruby total protein stain according
to the manufacturer’s instructions. Quantification of the total amount of protein remaining and the rate
of degradation was calculated via densitometry obtained from ImagelJ software (NIH). The rate of protein
degradation was determined via the slope of the best-fit linear line. Values for at least 3 independent repli-

cates were averaged for each desmoplakin, ., protein.

1-883

iPSCs and EHTs. Human iPSC lines were generated from a family member with the R451G mutation
and no clinically diagnosable phenotype (III-35) and an unaffected family member with no mutation in des-
moplakin (III-36). Blood was collected in accordance with the Yale and Stanford Institutional Review board.
Peripheral blood mononuclear cells were isolated and then reprogrammed to iPSCs via the Sedai virus (Cyto-
Tune-iPS 2.0 Sendai Reprogramming Kits, Invitrogen) by Joseph C. Wu’s group at the Stanford Cardiovas-
cular Institute, Stanford, California, USA. iPSCs were maintained on mouse embryonic fibroblast layers in
human embryonic stem cell medium (ThermoFisher Scientific) (20% Knockout Serum Replacement, 1%
glucose, 1% NEAA, 55 uM B-mercaptoethanol in DMEM/F12 basal medium containing bFGF 10 ng/ml)
at 5% CO, and 37°C. Cells were stained for pluripotency markers OCT4, SSEA-4, NANOG, TRA-1-60, and

alkaline phosphatase (Supplemental Figure 2A). Karyotyping demonstrated stable chromosomal integrity in
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iPSC lines (Supplemental Figure 2B). An additional healthy control cell line was purchased from Coriell Insti-
tute for Medical Research (GM23338). Genetic modification was conducted on GM23338 hiPSCs to gener-
ate a homozygous R451G desmoplakin mutant line. More details are available in the Supplemental Methods.

Prior to differentiation, iPSCs were cultured on Matrigel-coated plates (BD Biosciences). Cells were
maintained in mTeSR-1 media (StemCell Technologies) until they reached confluency. Once confluent,
cells underwent cardiac differentiation as described previously (52). Briefly, cells were cultured in RPMI
with B27 minus insulin and 20 pM CHIR99021 (Selleck Chemicals). After 24 hours, the media were
replaced with fresh RPMI with B27 minus insulin. Forty-eight hours after this change, half the media
were replaced with RPMI with B27 minus insulin and 5 pM Wnt Inhibitor IWP4 (Stemgent). From day
9 onward, the cells were incubated with RPMI with B27. Media were replaced every other day with fresh
media. Only wells with beating clusters visible by day 10 were used for experiments.

EHTs were constructed via previously published methods outlined by Schwan et al. (52). In brief, porcine
hearts were dissected and blocks of the left ventricular free wall were removed. Blocks were cryosectioned into
slices parallel to the fiber direction to a thickness of 150 pm. The slices were incubated in a lysis buffer (10 mM
Tris, 0.1% w/v EDTA, pH 7.4) for 2 hours before being attached to PTFE clips. Tissues were incubated in
sodium dodecyl sulfate (0.5% w/v in PBS) for 40 minutes with gentle agitation. Tissues were washed 3 times in
PBS before being incubated in DMEM + 10% FBS with x1 Penicillin-Streptomycin (ThermoFisher Scientific)
overnight. Cardiomyocytes were dissociated via incubation with Accutase (ThermoFisher Scientific) and seeded
onto the scaffold at a density of 1.67 million cells per scaffold. EHTs were cultured for 2 weeks under electrical
stimulation using a custom-built bioreactor before mechanical characterization was conducted.

Mechanical testing was performed on a custom-built setup using a force transducer (WPI KG-7) and
length control via micro manipulators (Siskiyou). Tissues were tested in Tyrode’s solution (140 mM NacCl,
5.4 mM KCI, 1 mM MgCl, 25 mM HEPES, 10 mM glucose, and 1.8 mM CaCl; pH adjusted to 7.3.) Cal-
cium transients were measured using the ratiometric dye Fura-2 (MilliporeSigma). Loading of the dye was
achieved using Tyrode’s solution with 17 pg/ml Fura-2 AM, 0.2% Pluronic F127, and 0.5% Cremophor EL
(all from Millipore Sigma). Tissues were incubated with the Fura-2 solution for 20 minutes at room tem-
perature and then washed with fresh Tyrode’s for 10 minutes at 37° C. The selected region was excited with
a rapidly alternating sequence of 340/380 light and the response centered at 510 nm was collected by a pho-
tomultiplier tube. Custom MATLAB postprocessing routines separated the interleaved excitation response
signals and computed a final ratiometric response. Conduction velocity was measured by tracking the calcium
activation time, as the tissue was locally stimulated using a small bipolar electrode. As this point stimulus was
moved further from the measurement region, the measured calcium upstroke was progressively delayed in
time. Conduction velocity was determined as the slope of line between distance moved and upstroke delay.
Contraction force characteristics, including time from stimulus to peak force, time from peak force to 50%
relaxation, and magnitude of peak force were extracted from force transducer recordings.

Individual snap-frozen EHTs were homogenized in 10 mM sodium phosphate buffer pH 6.8, 2 mM
EDTA, 10 mM NaN,, 120 mM NaCl, 2% SDS, 1% B-mercaptoethanol lysis buffer with protease inhibitor.
Lysates were analyzed via SDS-PAGE and Western blot. Total desmoplakin protein was normalized to the
loading control (sarcomeric actin) and calculated as a fold change compared with the WT EHTs.

For RT-qPCR experiments, snap-frozen EHTs were homogenized in Trizol in order to isolate total
RNA, and cDNA was synthesized using the iSCript cDNA synthesis kit (Bio-Rad). 10 ng cDNA was used
for quantitative PCR using SYBR green mix (Bio-Rad) in a total reaction volume of 15 pL.. PCR was con-
ducted on the C1000 Cfx96 Touch Real-Time PCR. Expression levels were calculated according to the ACT
method normalized to cTnt mRNA levels. Complete primers can be found in the Supplemental Methods.

Calpain inhibition experiments were conducted via incubation of tissues for 72 hours in 25 pM
MDL-28170 (MilliporeSigma) dissolved in DMSO. After incubation, EHTs were collected and homog-
enized for desmoplakin protein analysis.

Antibodies. Antibodies used include N-cadherin (1:500; Pierce, 33-3900), desmoplakin (1:400
[immunofluorescence], Abcam, ab14418; 1:2000 [Western blotting], Abcam ab71690 and ab109445),
plakoglobin (1:500; Abcam, ab15153), connexin-43 (1:500; Abcam, ab11370), GAPDH (1:5000; Mil-
liporeSigma, G8795), sarcomeric actin (1:2000; MilliporeSigma, A2066), and phospho-connexin-43
Ser368 (MilliporeSigma, AB3841; 1:2000).

Statistics. Reported whole-cell data are represented by the mean and SEM. Groups of 2 were compared
with the unpaired 2-tailed Student’s ¢ test with a Bonferroni post-hoc correction applied where noted. Multi-
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ple comparisons were done with 1- or 2-way ANOVA. Pvalues of less than 0.05 were considered significant.

Study approval. All protocols and consent forms were prepared in accordance with and approved by the
Yale University Institutional Review Board. The studies on human heart tissue were performed under the
guidelines of the Declaration of Helsinki, with oversight by and approval of the Institutional Review Boards
at Yale University and The Ohio State University (protocols HIC1005006865 and 2012H0197, respectively).
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