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SUMMARY
Human induced pluripotent stem cell (iPSC) platforms are valuable for biomedical and pharmaceutical
research by providing tissue-specific human cells that retain patients’ genetic integrity and display disease
phenotypes in a dish. Looking forward, combining iPSC phenotyping platforms with genomic and screening
technologies will continue to pave new directions for precision medicine, including genetic prediction, visu-
alization, and treatment of heart disease. This review summarizes the recent use of iPSC technology to un-
pack the influence of genetic variants in cardiovascular pathology. We focus on various state-of-the-art
genomic tools for cardiovascular therapies—including the expansion of genetic toolkits for molecular inter-
rogation, in vitro population studies, and function-based drug screening—and their current applications in
patient- and genome-edited iPSC platforms that are heralding new avenues for cardiovascular research.
INTRODUCTION

Cardiovascular diseases—congenital and acquired disorders of

the vasculature, myocardium, and conduction system—are a

leading cause of death worldwide.1 Largely determined by

heritability and epigenetic factors, our understanding of cardio-

vascular disease risk and causality has expanded alongside

technological advancement in genomic and transcriptomic

tools. The rise of population studies using genome-wide associ-

ation studies (GWAS), whole-genome sequencing, and whole-

exome sequencing has been instrumental in identifying potential

disease-related loci and single-nucleotide polymorphisms

(SNPs).2 Although it provides valuable insight into the genetic ar-

chitecture of complex diseases, as a standalone approach ge-

netic screening has limited clinical utility for patient prognosis3

as the identified risk variants may fail to fully explain genetic her-

itability for human disease, individually or collectively.4 The need

for robust and patient-relevant disease models in clinical ge-

netics has been met by innovations in induced pluripotent

stem cell (iPSC) technology, which provides a functional plat-

form for the delineation of genotype-phenotype associations

and an unprecedented opportunity to understand population-

relevant genetic diversity (Figure 1).

The heart is an anatomically complex organ that requires

exquisite orchestration of heterogeneous cell populations to

enable continuous contraction and relaxation across different

physiological conditions.5 In cardiomyocytes (CMs), the sarco-

mere is comprised of calcium-dependent regulatory thin fila-

ments, myosin-based force-generating thick filaments, and

Z-discs.6 Contraction of the sarcomere is coordinated by the
C
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propagation of electrical depolarization of the cell membrane

by ion channels and calcium-handling machinery.7 The nonmyo-

cytes in the heart regulate a multitude of cellular processes,

including vascular tone, mechanosensing, and angiogenesis.

The direct and indirect communication between specialized

cell populations govern molecular responses to physiological

and pathological stress.8,9 Human iPSCs can be expanded

indefinitely and differentiated into a variety of cardiovascular

cell types—including CMs,10 endothelial cells (ECs),11 cardiac fi-

broblasts (CFs),12 smooth muscle cells (SMCs),13 and cardiac

pericytes (CPs)14—to dissect the molecular underpinnings of

heart failure (Figure 2). Given their capacity to recapitulate

disease- and mutation-level phenotypes, the application of

iPSC-derived cells in genomics enables direct differentiation of

pathogenic mutations from background genetic noise, identifi-

cation of novel variants, genotype- and phenotype-guided risk

stratification, and patient-specific drug response.15

Here, we summarize recent literature emerging in the past 5

years using iPSC platforms in functional genomics for risk pre-

diction, visualization, and treatment of the heart, with emphasis

on how these technological advancements have led to new mo-

lecular insight in various cardiovascular disease models.

Prediction of disease-linked genetic variants and
patient response risk
A significant challenge in contemporary genetic medicine is the

disconnect between the easeof genetic testing and the availability

of experimental platforms that can provide meaningful interpreta-

tions of the growing list of novel and rare variants. Thus, predictive

technologies that can resolve nuanced phenotypes and iPSC
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Figure 1. Emerging technologies to propel

precision medicine of genetic cardiovascular

diseases forward

Recent advancements in iPSC technology enable

new insight into genetic cardiovascular diseases. In

this review, we highlight novel innovations in (1) the

generation of iPSC-derived cardiac cells for disease

modeling, (2) the expansion of genetic tools and

therapies, (3) the prediction of disease-linked ge-

netic variants and patient response risk using

functional and computation methods, (4) 3D and

multi-cellular platforms, and (5) function-based

pharmacogenetic testing and discovery. We pro-

vide perspective into how these complementary

advancements (blue text) will continue to drive the

future of cardiovascular precision medicine.
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validation have co-evolved as a breakthrough combinatorial tool

for patient risk assessments.Modern approaches to studying car-

diac arrhythmias exemplify these technical developments.

The cardiac action potential is an electrical signal that dictates

contraction, pivotal to heart rhythm and blood circulation. At the

tissue level, actionpotentials are clinically assessedby electrocar-

diogram traces, which monitor the rhythmic depolarization of the

atria (P wave) and depolarization (QRS complex) and rep-

olarization (T wave) of the ventricles. A vexing problem in cardio-

vascular disease is that ventricular arrhythmia can occur in a

structurally normal heart.16 Such is the case in Brugada syndrome

(BrS), defined by an abnormal electrocardiogram signature of ST

elevation with successive negative T wave, putting patients at risk

for sudden cardiac death.17 At the cellular level, an actionpotential

is initiated by the rapid opening of voltage-gated sodium chan-

nels. The plateau period is maintained in a depolarized state by

the opening of L-type calcium channels (LTCCs) and inward

movement of calcium, balanced by the movement of potassium

ions outward. The outward movement of potassium ions repolar-

izes themembrane to the resting voltage, ending the action poten-

tial.7 Variants in the sodiumchannel alpha subunit Nav1.5 (SCN5A)

account for nearly 20%–25% of BrS molecular diagnoses, with

roughly <5% of cases resulting from variants involved in Nav1.5
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regulation or encoding calcium or potas-

siumchannel subunits. Susceptibility genes

for BrS have conventionally been identified

using functional candidate approaches.

More recently, Belbachir et al. utilized an

unbiased approach to investigate a large

pedigree with genetically unexplained BrS.

Employment of whole-exome sequencing

and identity-by-descent analysis led to

the discovery of a rare gain-of-function

p.R211H variant in the Ras associated

with diabetes (RAD) GTPase.18 In addition,

iPSC-derived CMs (iPSC-CMs) of affected

RRAD p.R211H family members and

knockin isogenic lines had slower sponta-

neous beat rhythms with slower but

longer-lasting electrical conduction, dis-
played by lower action potential upstroke velocity and longer

action potential duration than intra-familial controls and

genome-edited controls. Beyond conduction defects, RRAD

p.R211H displayed structural abnormalities of the CM cytoskel-

eton hypothesized to negatively impact cell-cell contact and

potentially trigger electrical anomalies in BrS.18

Manual electrophysiological measurements—such as the tradi-

tional patch-clampmethodused to understandhowelectrical cur-

rents flow in and out of an individual cell—require a high degree of

expertise from a skilled experimenter, resulting in relatively low

throughput. To offset this hindrance, data-driven in silico predic-

tors and structural modeling of variant location within protein

conformations can be used to assess diagnostic hypotheses

(Figure 1). These strategies have been elegantly applied to

predicting syndromes of abnormal heart rhythm, such as BrS

and long QT syndrome, penetrance probabilities using population

metrics,19–21 and iPSC-CM experimentally derived machine-

learning approaches.22 Recent advancements in patient

arrhythmic risk stratification include a wider range of genetic per-

turbations and pharmacological interventions. In this direction, a

convolutional neural network (CNN) was trained using action po-

tential waveforms from iPSC-CMs treated with proarrhythmic

drugs from healthy donors and genetic knockin of variants leading

http://Biorender.com


Figure 2. Modeling of cardiovascular genetic

diseases using human iPSC platforms

(1) Disease variants can be modeled in vitro by re-

programming of iPSCs from the somatic cells of

patients or healthy controls. Generation of iPSCs

maintains the genetic integrity of disease, such as

single-nucleotide variants, directly from patients;

otherwise, they can be induced using genome ed-

iting on healthy control iPSCs. (2) Protocols for the

differentiation of iPSCs into specialized cell types

such as iPSC-CMs, iPSC-derived cardiac fibro-

blasts, iPSC-derived smooth muscle cells, iPSC-

derived endothelial cells, and iPSC-derived cardiac

pericytes are used to assess phenotypes in a

dish, (3) providing disease modeling of diverse

genetic cardiovascular diseases. Created with

Biorender.com.
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to arrhythmogenic cardiomyopathies, diseases of the myocar-

dium that affect the heart’s ability to pump. These included

hypertrophic cardiomyopathy (HCM) variants (myosin-binding

protein C, MYBPC3 p.R943X and tropomyosin 1, TPM1 p.K37E)

and dilated cardiomyopathy (DCM) variants (RNA-binding

motif protein 20, RBM20 p.R634Q, and phospholamban, PLN

p.R14del)23 in genes affecting sarcomere contractile machinery

and calcium homeostasis. The CNN class probabilities mapped

each trace to a spectrum fromnon-arrhythmic to arrhythmic/asys-

tolic in vitro phenotypes, and the resultant safety margins more

accurately risk-stratified proarrhythmic drugs than previous hu-

man-definedadjudication.23 Aiding a significant clinical challenge,

the CNN platform was also able to quantify the increased risk of

drug-induced arrhythmia in cardiomyopathic gene variants. Inte-

grating predictive technologieswith large population records, lon-

gitudinal follow-up,24 and in vitro phenotyping data will be critical

for future drug development, safety, and efficacy.
Ce
Expansion of genomic tools for
cardiovascular modeling and therapy
CRISPR-Cas9-mediated gene

therapy validated using iPSC-CMs

Genome-editing strategies have revolu-

tionized biomedical investigation, first as

a tool to generate research models and

second as a therapeutic avenue to treat

or prevent disease.25 The ability of bacteria

and archaea to cleave foreign DNA as part

of their adaptive immunity inspired a

two-component system, amended for pro-

grammable gene manipulation in eukary-

otic cells.26 This RNA-guided CRISPR-

Cas (clustered regularly interspaced

short palindromic repeats/clustered regu-

larly interspaced short palindromic

repeat-associated proteins) technology

has made applications of gene editing

more accessible and multifaceted than

traditional approaches.27,28 In the conven-

tional CRISPR-associated protein 9 (Cas9)

system, the guide RNA dictates target
recognition by Watson-Crick RNA-DNA base pairing. The proto-

spacer adjacent motif (PAM) sequence is recognized by the

CRISPR-Cas9 endonuclease, which generates a double-

stranded break (DSB) in the DNA that is repaired by non-homol-

ogous end joining or by homology-directed repair (HDR) in the

presence of a donor DNA template.26

The recent development of CRISPR-Cas9 base editors for tar-

geted point mutations can convert a single DNA base pair

without needing DSBs and donor DNA templates,28 thus

emerging as an attractive approach for the correction of genetic

diseases, especially monogenic diseases with single-nucleotide

variants. Instead, current base editors have a catalytically deac-

tivated Cas9 enzyme fused to DNA deaminases. Adenine base

editors (ABEs) catalyze an A>G transition in the PAM strand

(T>C change in the target strand), and have notably been applied

to therapeutic gene correction of a monogenic myosin heavy

chain (MYH7) p.R403Q variant in iPSC-CMs29 to improve
ll Genomics 4, 100445, February 14, 2024 3
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contractility and in murine hearts to prevent HCM onset (Fig-

ure 1).29,30 These studies provide the first demonstration of high-

ly efficient single-nucleotide correction in postnatal mammalian

CMs.29,30 It remains to be determined whether ABE editing has

therapeutic potential to prevent HCM onset for the lifespan of a

mouse, in larger mammalian models, and within the context of

pre-existing HCM. Still, preclinical strategies such as ABE hold

tremendous translational potential for a population of nearly

�25,000 individuals who have this precise MYH7 variant.29

Prime editing (PE) technology enables the induction of all

types of base pair transitions and transversions, small insertions,

and deletions.31 PE utilizes a Cas9 nickase fused to an engi-

neered reverse transcriptase domain in combination with PE

guide RNAs, which specify the target site and the desired

edit.28 In iPSC-CM models for DCM, PE was used to correct

the pathogenic RNA-binding motif protein 20 (RBM20)

p.R636S variant with 40% A-to-C editing efficiency. In parallel,

the RBM20 p.R634Q mutation was corrected using an ABE

strategy at 92% efficiency, which normalized abnormal gene

expression and cardiac function in cells andmurine hearts.32 Ad-

vancements in ABE and PE have expanded the applicability of

precise genome editing as a viable, therapeutic avenue for a

wide variety of monogenic diseases, such as its recent applica-

tion to iPSC-CM models of Duchenne muscular dystrophy,33,34

thus presenting a novel frontier for cardiovascular research.

Genetic engineering for elucidation of protein

interactions

CRISPR-Cas9 genetic engineering enables the generation of

endogenous fusion enzymeswith relative ease, which can be uti-

lized for protein proximity network analysis from living cells and

animals.35–37 Proximity proteomics captures a wide breadth of

transient, dynamic, organelle-specific processes as they exist

in the native cellular environment.38–41 Its recent application to

iPSC-CMs and murine hearts has made it possible to describe

physiological and pathological processes vital to the cardiovas-

cular system,42 including the following: the elucidation of the

protein networks spanning between the sarcoplasmic reticulum

and transverse tubules,43 transcription factor interactions in

cardiogenesis,44,45 and isoform-specific caveolin interactions

in CMs.46

a-Actinin 2 (ACTN2, referred to as actinin) is a Z-disc

anchoring protein that forms primary scaffolding interactions be-

tween the contractile apparatus and cytoskeleton.47 In addition,

actinin forms secondary interactions that propagate sign-

aling, transcription, and protein homeostasis.48 To systemati-

cally contextualize the cellular roles of actinin, its protein neigh-

bors were determined with proximity-dependent biotinylation

(BioID).48 Actinin was fused to the promiscuous biotinylating

enzyme, BirA, using CRISPR-Cas9 genetic engineering at the

endogenous ACTN2 locus. Protein expression levels of actinin-

BirA fusion protein in iPSC-CMs were similar to endogenous

levels of actinin in control iPSC-CMs that did not express BirA.

Biotin supplementation and subsequent streptavidin immuno-

capture followed by tandem mass tag liquid chromatography-

mass spectrometry of actinin-BirA and control non-BirA iPSC-

CMs led to the enrichment of 324 actinin proximity partners.

The combination of genetic tools with high-throughput quantita-

tive proteomics enabled the discovery of actinin-IGF2BP2 inter-
4 Cell Genomics 4, 100445, February 14, 2024
action, which regulates metabolic transcript localization during

pathological sarcomere function.48

The pathogenic role of promiscuous actinin protein inter-

actions was elegantly described by the novel c.740C>T

(p.T247M) ACTN2 variant, which recapitulates HCM in patient-

derived and CRISPR-induced iPSC-CMs.49 Furthermore, in

three-dimensional (3D) engineered heart tissues (EHTs), Prond-

zynski et al. describe prolonged action potential duration and

increased LTCC current density that were likely propagated by

reduced interaction with mutant actinin.49 The interaction be-

tween LTCCs and actinin leading to modulation of ion channel

activity has been described previously.50,51 Here, the availability

of patient-derived iPSC-CM cell and tissue platforms allowed for

the testing of diltiazem, an LTCC inhibitor, in the context of

c.740C>T ACTN2 before it was administered to HCM-affected

family members to ameliorate the electromechanical pheno-

type.49 Alternatively, CRISPR-Cas9 modeling of c.740C>T

ACTN2 in iPSC-CMs exhibited proteomic alterations in several

canonical pathways, including mitochondrial function, sirtuin

signaling, protein ubiquitination, myofilament organization, and

mRNA stabilization.52 Thus, system-wide approaches for

dissecting the pleiotropic roles of actinin interactions in docu-

mentedACTN2-associated cardiomyopathies53–56 will be instru-

mental for future HCM studies.

In summary, advancements in CRISPR-Cas9 technology pro-

vide a versatile genetic platform for disease modeling and gene

therapy with integrative applications for system-wide proteomic

profiling, which has ushered in a new age for molecular probing

of the cardiac microenvironment of human genetic disease.28

Utility of iPSC-derived cells for pharmacogenetic testing
and discovery
The development and approval of new cardiovascular drugs

have stagnated for two decades, despite heart failure being

the leading cause of death worldwide. This clinical hurdle is

partly due to the common phenomenon of encouraging early-

stage results being frequently reversed by disappointing out-

comes in late-stage trials.57,58 Furthermore, access to human

cardiac samples was previously limited to primary culture or

postmortem autopsy, making the clinical testing of cardiovascu-

lar drugs difficult. The use of iPSC-based platforms has created

innovative solutions that now provide pre-clinical screening and

early-phase drug safety testing to resolve long-standing genetic

problems (Figure 1).

Human-based models are advantageous for understanding

how SNPs affect drug responses, even in genes whose connec-

tion to toxicity may be previously unknown. For example, since

its introduction in the 1960s, doxorubicin has been an effective

and widely prescribed chemotherapeutic agent.59 However,

dose-dependent doxorubicin-induced cardiotoxicity (DIC) is

well documented in cancer patients, and these cardiotoxic

side effects can include arrhythmias, congestive heart failure,

and heart transplantation.60 GWAS identified the loss-of-func-

tion rs2229774 (p.S427L) variant in retinoic acid receptor gamma

(RARG) that is associated with DIC in patients.61 To confirm cau-

sality, DIC susceptibility was probed in rs2229774 patient-

derived and RARG KO iPSC-CMs, which led to increased DNA

damage and diminished mitochondrial function. Genetic
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overexpression of RARG, or treatment with the RARG agonist,

CD1530, was found to improve cell viability and function without

diminishing the anti-cancer efficacy of doxorubicin in human

cells and mouse models.62 In linking a genetic variant to its

drug efficacy, Magdy et al. provide a rationale for both pre-

chemotherapy pharmacogenetic testing for rs2229774, and

increased cardiac monitoring in cancer patients receiving

anthracyclines.62

In a hypothesis-driven approach to rescuing the DCM-related

heterozygous RBM20 p.P633L variant, all-trans retinoic acid

(ATRA) was found to stimulate the transcriptional upregulation

of RBM20, which compensated for cellular deficits in splicing,

calcium handling, and contractility. Although the precise molec-

ular mechanism of how ATRA pharmacologically stimulates re-

sidual RBM20 transcription remains unknown, it led to the

finding that boosting RBM20 protein levels, stability, or activity

may have therapeutic potential.63 Similarly, a candidate

approach was used by Guo et al. to find a compound that miti-

gates reactive oxidative species and boosts nitric oxide in

iPSC-derived ECs with alcohol dehydrogenase 2 (ALDH2*2

rs671) variant, leading to drug repurposing of the sodium

glucose cotransporter-2 inhibitor, empagliflozin.64

Using an unbiased drug screen in a variety of DCM iPSC-

CMs, Perea-Gil et al. assessed a small-molecule library con-

taining 160 kinase inhibitors for their ability to rescue iPSC-

CM and EHT contractility, revealing the efficacious combination

of Gö 6976 and SB 203580.65 At an intersection between pre-

cision medicine and ‘‘classical’’ drug screening, this study em-

ploys patient-specific material to unearth a tailored therapy with

potentially broad applicability to a multitude of DCM patients.

Finally, high-throughput screening was demonstrated in an ac-

tivity-based system that screened 1,022 small-molecule inhibi-

tors in a genetically engineered model for Marfan syndrome

(MFS), revealing glycogen synthase kinase 3 beta (GSK3b) as

a positive hit among other interesting targets.66 Because

GSK3b is ubiquitously expressed and has over 500 targets, it

may be challenging to target in a translational setting. However,

this study illuminates molecular insight into potential combina-

torial approaches and optimizations for MFS and other genetic

aortic diseases.66 As a major step toward precision medicine,

studies such as these demonstrate the potential of iPSC-based

platforms for clinical trial population screening based on drug

responsiveness,67 and facile applications of both hypothesis-

driven and unbiased drug discovery pipelines for rapid clinical

translation.

New molecular insights into cardiovascular pathogenic
variants
As patient-derived iPSCs can recapitulate disease-associated

cellular phenotypes in vitro, these models have gained traction

for studying cardiovascular disease and guiding the refinement

of therapeutic approaches. Furthermore, genome editing strate-

gies enable the practical introduction of precise allelic variants

and point mutations in a controlled iPSC background, providing

a secondary source to model disease.28 Here, the cutting-edge

techniques previously described are employed to determine

causal relationships between genotype and phenotype in

various cardiovascular diseases (Figure 2).
Modeling dilated cardiomyopathies using iPSC-CMs

Clinically characterized by an enlarged and poorly contractile left

ventricle, DCM has an estimated prevalence of 1:250 adults68

and is a leading condition for heart transplant.69,70 End-stage tis-

sue remodeling in DCM results in thinning of the ventricle walls,

driving mechanical stress in the myocardium, promoting CM cell

death, increased fibrosis, and maladaptive metabolic alter-

ations.71 DCM has both monogenic and polygenic disease

origins with at least 19 causal gene mutations across various

cellular processes, including force transmission and cardiac

conduction.69,70,72 Despite significant progress in elucidating

the genetic implications of DCM, its broad cellular underpinnings

make prevention strategies and disease-modifying agents

challenging to resolve. For example, genetic variants in the

cytoskeletal, sarcomeric, mitochondrial, desmosomal, nuclear

membrane, and RNA-binding protein genes are linked to the

development of DCM, thus showing that diverse genetic inputs

lead to similar pathophysiology. Innovative treatment strategies

for DCM likely require a comprehensive understanding of how

genetic etiology manifests in molecular phenotypes, including

distinct DCM-associated genes. Thus, the advent of patient-

derived and CRISPR gene-editing tools for the faithful reca-

pitulation of DCM in vitro has enabled substantial progress in

understanding genetic-phenotypic relationships in this disease.

For example, iPSC-CMs were generated from five DCM patients

harboring pathogenic mutations in titin (TTN, c.73817delC,

p.P24606LfsX16), phospholamban (PLN, c.40_42delAGA, p.

R14del), lamin A/C (LMNA, c.967_968delCT, p.L323fs), tropo-

myosin 1 (TPM1, c.688G>A, p.D230N), and laminin subunit alpha

2 (LAMA2, c.7074C>A, p.Y2358X). Patient-derived iPSC-CMs

demonstrated a contractile and mitochondrial respiration deficit

that is rescued by combinatorial treatment of small molecule

kinase inhibitors (SMKIs). Induction of activating transcription

factor 4 (ATF4)-mediated rescue of serine biosynthetic pathways

by SMKIs was found to ameliorate contractile and respiratory

bottlenecks by replenishing intermediary metabolism in a cell-

autonomous and genotype-agnostic manner.65 These findings

represent a novel therapeutic axis linking the roles played by

serine, glycine, and one-carbon metabolism in cardiac physi-

ology and pathophysiology.

Inherited forms of DCM with known causal variants are found

in approximately 30% of affected individuals, with the genetic

drivers for most cases remaining unknown. Hypotheses beyond

the scope of force transduction, myocardial energetics, and

conduction are being actively explored. Mutations in B cell

lymphoma 2-associated athanogene 3 (BAG3) cause mono-

genic forms of DCM due to its critical role in maintaining the

protein quality of mechanically damaged contractile proteins,

as it serves as the structural scaffold between F-actin to a-acti-

nin.73–75 Although over 250 human BAG3 variants have been re-

ported as potentially deleterious in public databases, how and

if such mutations initiate disease remains phenotypically under-

studied. McDermott-Roe et al. employed genome-edited iPSC-

CMs in the first exploration of the DCM-linked BAG3 missense

variant (c.1430G>A; p.R477H), which causes proteasome inhibi-

tion-mediated fiber disarray and dysregulation of the protein

quality stress response by uncoupling protein interactions

between BAG3 and HSC/HSP70. Furthermore, lentiviral
Cell Genomics 4, 100445, February 14, 2024 5
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overexpression of heat shock factor 1 (HSF1), a transcription

factor that regulates stress response genes, reduced the proteo-

static deficits induced by the BAG3 p.R477H variant on myofi-

brillar organization.73

Further highlighting the importance of protein quality control,

autosomal dominant mutations in RBM20 account for approxi-

mately 3% of DCM cases and can present with earlier-stage

onset and greater severity than LMNA or TTN mutations.76 Ge-

netic engineering of heterozygous and homozygous gain-of-

function RBM20 p.R636S allelic mutants by transcription acti-

vator-like effector nucleases and CRISPR-Cas9 gene editing

yielded iPSC-CMs that exhibited electrophysiological and con-

tractile abnormalities reminiscent of DCM observed in patients.

Precise targeting of RBM20 patient mutations in both 2D iPSC-

CM monolayers and 3D EHTs helped delineate the complex re-

lationships among RNA biogenesis with excitation-contraction

coupling, co-localization of mutant RBM20 with cytosolic

P-bodies, and alterations in spliceosome-mediated targets.76

Similar to DCM-associated RBM20 p.P633L loss-of-function

variant,63 RBM20 p.R636S possesses poor nuclear localization

potential. Promotion of the protein-protein interaction between

pathogenic RBM20 and nuclear import via transportin-3

(TNPO3) was recently shown to alleviate protein mislocalization

and defective alternative splicing in RBM20 p.P633L and

p.R634Q mutant iPSC-CMs.77 Whether the affinity for the

RBM20-TNPO3 interaction can be increased with potent phar-

macological agents, or whether ATRA is efficacious in the

gain-of-function heterozygous RBM20 p.R636S variant, remains

to be determined.

Understanding the epigenetic role of histone methyltrans-

ferases and demethylases as regulators of cardiac homeostasis

through key transcription factors provides a new direction for

DCM hypotheses. Specifically, the role of lysine demethylase 8

(KDM8) in the repression of T-box transcription factor 15

(TBX15)-controlled networks in cardiac NAD+ homeostasis and

metabolism was recently illuminated.71 Missense mutations in

KDM8 are associated with Coffin-Siris syndrome, which presents

with congenital cardiac abnormalities in�30%of patients.78 Inter-

estingly, TBX15was upregulated in KDM8 null and PLN null mice,

both developing DCM leading to heart failure, but not in TTNmu-

tants that developed only hypertrophy. Overexpression of TBX15

in iPSC-CMs resulted in the repression of the nicotinamide phos-

phoribosyltransferase (NAMPT) promoter and blunted NAD-acti-

vated respiration in vitro. Transcriptional findings featuring the

KDM8-TBX15 axis were further employed to identify a group of

DCM-affected human hearts with profound metabolic derange-

ment. Results suggest that KDM8 epigenetically controls TBX15

to prevent maladaptive metabolic remodeling toward DCM.71

Modeling hypertrophic cardiomyopathies using stem

cell platforms

HCM is characterized by the abnormal thickening of the ventric-

ular myocardium, creating a hyperdynamic state that leads to an

energetic deficit due to increased cardiac output.79 Autosomal

dominant mutations in MYH7 and MYBPC3 genes, which

encode the sarcomere thick filament proteins, account for

nearly 80% of inherited HCM cases80 and were recently tackled

with genome-editing tactics in conjunction with iPSC-CM
6 Cell Genomics 4, 100445, February 14, 2024
modeling. The dominant negative pathogenic mutation, MYH7

c.1208G>A (p.R403Q), is a well-studied heterozygous missense

variant that causes early-onset HCM and progressive myocar-

dial deterioration. This variant weakens the critical protein-pro-

tein interaction between the myosin head with MYBPC3, ulti-

mately leading to augmented sarcomere contractility. Using

ABEs, Chai et al. developed and optimized a gene-editing strat-

egy to correct MYH7 c.1208G>A variant using multi-model ap-

proaches. First, CRISPR-Cas9 HDRwas used to induce isogenic

heterozygous and homozygousMYH7 c.1208G>A variants into a

healthy donor iPSC line, which was later used to screen for the

highest-efficiency ABE enzyme. Next, iPSC-CMs were gener-

ated from HCM patient iPSC lines and subsequently targeted

for correction using ABEmax-VRQR, resulting in minimal by-

stander or off-target editing. Functional characterization of

the iPSC-CM pathogenic MYH7 variant alongside isogenic

ABEmax-VRQR-corrected lines demonstrated rescued hyper-

contractility and cellular energetics in vitro.29 These findings

indicate the potential of base editing for preventing HCM pheno-

types induced by well-known MYH7 variants.

Moreover, the human iPSC-CM platform is also beneficial for

exploring causation in rare variants not described in large

population databases. For example, Yang et al. studied the un-

common MYH7 p.E848G mutation that was found in an African

American family but was not initially diagnosed as either HCM

or DCM. Genome editing and viral transgenesis showed that

the MYH7 p.E848G variant had impaired contractile function,

likely due to the impaired ability to bind cMyBP-C.81

Thequality controlmechanisms thatmaintain sarcomere integ-

rity during mechanical stress of contraction are vital yet under-

studied. Pathogenic variants in alpha kinase 3 (ALPK3), an

atypical kinase, provide a mechanistic link between phospho-

rylation and the removal of damaged sarcomere protein compo-

nents in HCM. Patient-specific ALPK3 variants (p.L639fs/34,

p.Q1460X, and p.R1792X) were induced in human pluripotent

stemcell-derivedCMs tomimic a cohort of HCMpatients.82 Cells

with ALPK3 patient-specific variants displayed sarcomere

disarray with abnormal localization of M-band proteins, myome-

sin (MYOM1), and ubiquitin-binding protein sequestosome-1

(SQSTM1), suggesting that changes in the ALPK3-interactome

mechanisms may underlie disease pathogenesis.82

Generation of iPSC-derived non-myocytes for disease

modeling

Although CMs occupy 70%–80% of the heart volume, they ac-

count for only a third of the total cell number. The surrounding

non-myocyte populations are composed predominantly of

CFs, ECs, SMCs, neurons, and immune cells.83 Understanding

the complexities of cardiac cell-cell communication within the

multicellular milieu is a critical consideration for the future of dis-

ease modeling and drug translation.

Resident CFs provide structural and mechanical maintenance

in the heart through the extracellular matrix (ECM) network,

which helps propagate conductivity and rhythmicity during

contraction.84 During acute myocardial infarction, disease-acti-

vated fibroblasts play a role in the rapid deposition of ECM

that prevents ventricular wall rupture, but leaves a fibrotic scar

that is stiffer than a healthy myocardium. The accumulation of
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interstitial fibrosis coincident with myocardial stiffness, and

associated with progressively worsening cardiac function, has

been observed during chronic conditions of pathological remod-

eling.85 The clarification of the multifaceted roles of CFs in the

maintenance of cardiac mechanosensation will likely continue

to grow given our improving ability to derive iPSC-CFs from pa-

tients to model disease.12,86,87 For example, to understand

genotype-phenotype differences in LMNA-associated dilated

cardiomyopathies, iPSC-CFs and iPSC-CMs were differentiated

from seven patients harboring missense LMNA mutations

(p.M1L, p.R216C/R399H, p.R216C, p.R335Q, p.R377H, and

p.R541C). Assessments of gene expression, signal transduction,

and cellular morphology revealed phenotypically variable fea-

tures beyond CM defects, thus underscoring a cell-intrinsic

role for CFs in LMNA-DCM.88 Similarly, the incorporation of

iPSC-CFs from patients with arrhythmogenic cardiomyopathy

by plakophilin-2 (PKP2) c.2013delC heterozygous mutation

into iPSC-derived cardiac microtissues displayed a myofibro-

blast-like phenotype, which weakened the conduction of iPSC-

CMs during high-frequency pacing (R2 Hz) and promoted

arrhythmogenic behavior.89 Continued work using genetically

defined co-culture thus expands our understanding of cellular in-

teractomes surrounding resident CFs.

The vascular cells comprising the arteries, veins, capillaries,

and lymphatic vessels are highly specialized, and the recon-

struction of engineered vessels in vitro is challenging but has

made significant progress in recent years. Today, human iPSCs

can be differentiated into multiple vascular cell types, including

iPSC-ECs, iPSC-SMCs, and iPSC-CPs that can recapitulate

the functional hallmarks of primary cells. For example, a compar-

ison of iPSC-ECs and pulmonary arterial ECs (PAECs) from pa-

tients with PA hypertension (PAH) showed similar responses to

PAH therapies as measured by angiogenesis and apoptosis as-

says,90 thus providing a valuable starting material that facilitated

the identification of potential drug candidates for PAH.91 Further-

more, iPSC-ECs and PAECs were used to predict drug-induced

vascular toxicity by transcriptomic profiling after treatment with

eight clinically relevant chemotherapeutic agents known to

impair EC function.92

In a recent study, iPSC-ECs were used to uncover the pleio-

tropic activities of simvastatin that confer cardiovascular pro-

tection beyond cholesterol-lowering effects. Statins reduced

chromatin accessibility of endothelial-to-mesenchymal transi-

tion-regulating genes in a yes-associated protein (YAP)-depen-

dent manner, which rescued endothelial dysfunction under

baseline and hyperglycemic conditions.93 The epigenetic reg-

ulation of the GGTase-RhoA-YAP1-SOX9 signaling axis thus

provides a new therapeutic window for treating ischemic heart

diseases that is mainly driven by atherosclerosis,94 the main

contributor to global mortality.95

Coronary artery disease (CAD) is a multifactorial disorder influ-

enced by the interplay between polygenic predispositions and

environmental factors. ECs are critical structural components

of blood vessels and crucial for maintaining vascular tone in

the heart. Thus, coronary EC dysfunction is a well-recognized

maladaptive process in the development of CAD from early initi-

ation to end-stage atherothrombotic complication.64 Mutations

in alcohol dehydrogenase 2 (ALDH2, also named ALDH2*2
rs671), which are prevalent in East Asian populations and mani-

fest as an ‘‘alcohol flush,’’ are also associated with an increased

risk of CAD.64,96 Using patient-derived ALDH2*2 rs671 iPSC-

ECs, Guo et al. found increased oxidative and inflammatory

markers alongside functionally impaired nitric oxide production

and tube formation capacity. iPSC-EC function in ALDH2*2

rs671 was further exacerbated after ethanol exposure but was

rescued using CRISPR-Cas9-mediated gene correction.64

Robust generation of iPSC-SMCs has expanded the scope of

investigations of vascular diseases into rare genetic disorders of

the aorta, such as MFS, which is caused by pathogenic variants

in the critical ECM protein, fibrillin (FBN1). Patient-derived FBN1

p.C1242Y iPSC-SMCs were found to recapitulate aspects of

MFS97 (e.g., increased matrix metalloproteinase activity and

apoptosis) as they underwent abnormal ECM deposition and

response to mechanical stress, creating a platform for high-

throughput phenotypic drug screening in the process.66

CPs play a key role in the maintenance, perfusion, and remod-

eling of the coronary vasculature, yet are an understudied cell

population in the heart. Shen et al. demonstrated that iPSC-

CPs can recapitulate hallmarks of primary cells, such as suniti-

nib-induced cytotoxicity that is attenuated by thalidomide.14 In

addition, the integration of iPSC-CPs into multicellular organoids

has increased our understanding of paracrine signaling in themi-

crovessel network.98 Robust protocols for iPSC-CP generation

will undoubtedly prove a useful tool for future exploration into ge-

netic microvasculature malformations while serving as a plat-

form for the development of proangiogenic cell therapies for

myocardial infarction.14

Utilization of iPSC-derived EHTs and organoids for 3D

cardiac modeling

Toward the future goal of creating miniaturized multi-organ plat-

forms, the ability of iPSC-derivedcardiovascular cells to assemble

into EHTs and organoids carries promise for higher complexity

disease modeling (Figure 1). Recent studies have shown that

iPSC-CMs assembled into EHTs could be used tomodel contrac-

tile deficits of RBM20 p.R636S DCM variant,76 validate the effects

of combinatorial tyrosine kinase inhibitor treatment in improving

contractility in pathogenic DCM variants,65 and assess the effi-

cacy of diltiazem for HCM personalized care.49 Advancements

in cardiac bioengineering methods continue to chip away at the

limitations of 3D platforms, such as the tradeoff between

throughput and maturity.99 Notably, the recent inclusion of non-

myocyte cell populations enhanced the maturity and functionality

of 3D cardiac microtissues89 and organoids98 by paracrine mech-

anisms. These strategies are now being applied to genetic

studies, such as the use of cardiac organoids composed of

healthy and cardiomyopathic (MYH7 p.R719Q) iPSC-CMs that

were combined with human cardiac microvascular ECs and hu-

man CFs.100 One consideration when using multi-cellular plat-

forms for genetic studies is the laborious evaluation of each singu-

lar cell type, followed by the incremental addition of other cell

types into the functional, 3D unit. Still, our ability to understand

how a pathogenic variant influences its cellular interactome as

well as inherent differences in cell-specific expression and cellular

stoichiometry, will ultimately govern the efficacy of disease

models moving forward.
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Limitations and future considerations for genetic
disease in the heart
Most drug candidates fail to progress through clinical testing to

approval, often due to the ineffectiveness of available disease

models to predict potential toxicity or other issues.101,102 Human

iPSC-based models have evolved rapidly in the past decade to

bridge this clinical gap, but their full potential for precision med-

icine is only beginning to be unlocked.

A limitation to the utility of iPSC-CMs in clinical settings is their

relative immaturity, as they structurally and functionally resemble

fetal CMs.103,104 Molecular strategies to rapidly and robustly

mature iPSC-CMs to generate mature sarcomere and ion chan-

nel protein expression are urgently needed for high-throughput

drug- and patient-response predictions, and progress is being

made on multiple fronts.104,105 Existing maturation protocols

include physical stimulation (micropatterning, 3D aggregation,

and mechanical manipulation106–108), biochemical stimulation

(genetic and metabolic manipulation103,109), combinatorial

approaches,110,111 and building multicellular platforms.89,112–114

Advances in novel methods and new iterations of existing strate-

gies are expected to further clarify molecular mechanisms gov-

erning cardiac maturation and homeostasis.

Although current approaches are still rooted in iPSC-CM-

autonomous processes, the research described here highlights

the importance of working with other iPSC-derived cardiovascu-

lar cell types and integration into 3D-engineered tissue systems.

We envision the incorporation of multicellular models that can

allow cellular cross-talk will clarify masked or propagated as-

pects of genetic heart diseases previously unexplored.99,115

Precision medicine workflows consist of an arduous path from

bedside to bench and back again, requiring substantial effort

and resources. Still, these investments have proven fruitful for

rare diseases, such as the rapid 1-year development and clinical

deployment of a tailored oligonucleotide to treat a patient with

Batten’s disease.116 This precedent fuels efforts toward tackling

disease-causing mutations present in larger cohorts of patients.

Further enhancing the predictive power of patient-derived iPSCs

for personalizedmedicine is the integration of environmental fac-

tors, sex, and ethnicity within the genetic diversity of real-world

patient populations.58,117 As new guidelines issued by the US

Food and Drug Administration may limit animal use for drug

testing in the future, increased reliance on human-based cell or

organoid models for testing of cardiac toxicities is both likely

and essential.118,119 Thus, new approaches to improve matura-

tion strategies120,121 and assessments, as well as robust proto-

cols to generate specialized cells and complex tissues, will be

critical. Furthermore, early-phase iPSC-based drug screening

platforms will benefit from the accessibility to growing patient

biobanks,122,123 high-throughput functional pipelines,124 report-

ing tools,125 and small molecular libraries targeting key cardio-

vascular pathways.
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