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Abstract: The epigenetic landscape and the responses to pharmacological epigenetic regulators in
each human are unique. Classes of epigenetic writers and erasers, such as histone acetyltransferases,
HATs, and histone deacetylases, HDACs, control DNA acetylation/deacetylation and chromatin
accessibility, thus exerting transcriptional control in a tissue- and person-specific manner. Rapid
development of novel pharmacological agents in clinical testing—HDAC inhibitors (HDACi)—targets
these master regulators as common means of therapeutic intervention in cancer and immune diseases.
The action of these epigenetic modulators is much less explored for cardiac tissue, yet all new drugs
need to be tested for cardiotoxicity. To advance our understanding of chromatin regulation in the heart,
and specifically how modulation of DNA acetylation state may affect functional electrophysiological
responses, human-induced pluripotent stem-cell-derived cardiomyocyte (hiPSC-CM) technology
can be leveraged as a scalable, high-throughput platform with ability to provide patient-specific
insights. This review covers relevant background on the known roles of HATs and HDACs in the
heart, the current state of HDACi development, applications, and any adverse cardiac events; it also
summarizes relevant differential gene expression data for the adult human heart vs. hiPSC-CMs
along with initial transcriptional and functional results from using this new experimental platform to
yield insights on epigenetic control of the heart. We focus on the multitude of methodologies and
workflows needed to quantify responses to HDACis in hiPSC-CMs. This overview can help highlight
the power and the limitations of hiPSC-CMs as a scalable experimental model in capturing epigenetic
responses relevant to the human heart.

Keywords: human iPSC-CMs; cardiac electrophysiology; cardiac epigenetics; histone deacetylases;
histone acetyltransferases; HDAC inhibitors; DNA acetylation

1. Introduction

Epigenetic studies offer insights into the modulation of human gene expression by
environmental stimuli [1]. Organ specificity [2] and the dynamic nature of epigenetic
regulation over space and time, driven by a variety of environmental factors [3], can greatly
impact cardiac function. Advancements in induced pluripotent stem cell technology [4,5]
have yielded a valuable in vitro model of the human heart, human-induced pluripotent
stem cell cardiomyocytes (hiPSC-CMs), which may offer a platform for such cardiac epige-
netic studies. It is important to understand if this in vitro model of the human heart can
recapitulate the in vivo complexity. Here, we review preliminary studies of this model and
discuss aspects related to the use of hiPSC-CMs to gain insights into epigenetic regulation
of cardiac electrophysiology, specifically as related to the function of histone deacetylases.

1.1. hiPSC-CMs as a Scalable Model of Cardiac Electrophysiology

hiPSC-CMs, originally derived from human fibroblasts [4], and more recently from
noninvasive sources such as blood [6], offer patient-specific cardiomyocytes [7] for a range
of applications. Over the past 15 years, induced pluripotent stem-cell technology has
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undergone active development and optimization towards a more mature phenotype [5],
impacting the fields of disease modeling, personalized therapeutics, tissue engineering,
regenerative medicine, and drug cardiotoxicity screening. For example, hiPSC-CMs have
been used in cardio-oncology applications [8], where replicable cell sources are necessary
for large-scale genetic screenings [9]. hiPSC-CMs offer said scalability, derived from a
seemingly limitless stem-cell source useful in cardiac pathophysiological studies [10], as
evidenced in long QT syndrome [11] and Torsades de Pointes (TdP) [12], among others.

The high-throughput potential and scalability offered by hiPSC-CMs are particularly
attractive in preclinical cardiotoxicity screening; hiPSC-CMs are used to perform “clinical
trials in a dish” [13], and have been shown to recapitulate aspects of human clinical
data in vitro [14]. A crucial benefit of hiPSC-CM “clinical trials” over the traditional
clinical trial is the ability to perform well-powered studies under controlled conditions to
gain mechanistic insights. In vitro all-optical electrophysiology [15,16] can be leveraged
to obtain a comprehensive interrogation of the electromechanics in hiPSC-CMs. Long-
term studies of hiPSC-CMs in a high-throughput setting have also been demonstrated
recently [17-22], supporting the feasibility of a human experimental model for chronic
functional cardiac studies. Derivation and full characterization of new patient-derived iPS
lines is still a tedious and time-consuming process and is often centralized into several
key groups that contribute to databases of healthy and diseased iPS lines. Furthermore,
in-house differentiation can yield variable results even when similar protocols are followed.
However, for preclinical testing applications, commercially-available and reproducible
predifferentiated human iPSC-CM lines are typically used, which allows direct comparison
of results from different testing facilities.

1.2. Human Experimental Models Are Needed for Functional Cardiac Studies

While animal models, especially transgenic mice [23], have been the norm for phys-
iological and drug screening studies, issues such as interspecies epigenomic variation,
cell-specific ion channel response variation, and renal clearance variation [24] present sig-
nificant limitations in clinical translation. For example, rodents can exhibit species-specific
ion channel responses [25], such as key cardiac potassium currents [26], and therefore
are not ideal for studying human cardiac electrophysiology. Fundamental measurements,
such as ECG, can differ greatly from species to species [27]. Comparison of human and
animal models, such as mouse and pig, revealed high epigenomic variability between
species [28,29] and even within humans, sex-specific cardiac differences exist, including
heart size, hormone—cardiac—electrophysiology interplay, and response to environmental
(temperature) stimuli [30]. Such differences, present in native physiology, further empha-
size the need for a patient-specific, human model that is both reliable and translatable.

1.3. hiPSC-CMs for Drug Cardiotoxicity Screening

Detection of drug cardiotoxicity presents a significant challenge for both pharma-
ceutical development and clinical decision-making regarding treatment. Cardiotoxicity
can manifest in many forms, such as ECG abnormalities, biochemical markers such as
natriuretic peptides, and blood pressure variation [31]. In vitro, observation and detec-
tion of cardiotoxicity is enhanced by scalable and comprehensive analysis of cellular
responses [15,16], i.e., noninvasive measurements of key electrophysiological parameters,
such as action potential duration (APD), calcium handling properties, and contractile
properties that can be used to predict and model drug response. Currently, there are two
major avenues of assessing drug response in patients: animal studies and human clinical
trials. Current preclinical drug cardiac studies (Figure 1A) are often performed in dogs,
pigs, or mice [23], which, as described previously, presents significant limitations. Further,
in vivo animal models require lengthy and costly protocols [32], and are therefore not
scalable. The current human cardiotoxicity model (Figure 1B) is majorly limited by patient
availability, time, and consistency. Clinical trials can last many years and only about eight
percent of trials progress to Phase IV [33]. Due to patient-inaccessibility, trial length, and
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introduction of physiologically-relevant cell lines, reagents, and mechanical conditions
(e.g., microfluidics [22]). Specifically, three-dimensional cells for preclinical testing can
be obtained through cell-seeded hydrogel molding of engineered heart tissues [43], light-
based (DLP-driven) bioprinting of cell-seeded hydrogels [45], and scaffold-free modular
approaches, such as cardiac spheroids assembled on needle arrays in designer macrostruc-
tures [44], among others. The modularity, scalability, and drug/disease screening potential
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of hiPSC-CMs is well-supported [12,18,41,43,46—49]. Thus, hiPSC-CMs have emerged as
a promising model for studying cardiac electrophysiology, and this review discusses the
potential application of this model to epigenetics studies of the human heart.

2. Epigenetic Modulators of the Cardiovascular System

Recently, cardiac studies have implied broader interests in epigenetics. Epigenetic
modulators are master regulators of fundamental cellular processes such as cell develop-
ment, cell survival, and cell death. In the heart, this regulation is evidenced in cell fibrosis,
hypertrophy, and ischemia/reperfusion injury, to name a few. The general role of epigenetic
modulators in these processes is well understood; however, their specific impact on cell
electrophysiology is not studied extensively. In cardiac-related studies, electrophysiological
parameters become increasingly relevant, as they are among the key determinants of drug
withdrawal from market. We discuss here the epigenetic landscape of the human heart,
focusing on histone deacetylases (HDAC) and their role in hiPSC-CM electrophysiology.

2.1. Epigenetic Regulators in the Heart and Control of Cardiac Electrophysiology

Epigenetic modulation of chromatin structure and gene expression is performed
by “writers, erasers, and readers”—enzymes which add, remove, and interpret post-
translational modifications (PTMs; acetylation, methylation, phosphorylation, ubiquitina-
tion) on histone proteins, typically targeting amino acid residues in the histones” N-terminal
tail, to mediate action on DNA transcription. Reader domains have a high affinity for PTM
sites and can be found in numerous proteins, including chromatin modifying proteins
and chromatin remodeler or adaptor proteins. In the heart, certain reader domains are
particularly critical. For example, the bromodomain and extraterminal domain (BET) family
of adaptor proteins contains bromodomains that recognize sites of histone acetylation and
interact with transcription machinery [50]. Brgl, a BET protein, associates with chromatin
remodeling complexes such as SWI/SNE, which is implicated in the regulation of a variety
of genes [51,52]. This association between Brgl and SWI/SNF is a key component for
reading histone acetylation in the human heart [50].

Writers and erasers cooperatively mediate the PTM addition-removal axis. Among
important writer—eraser pairs in the human heart are histone methyltransferases (HMTs)
and histone demethylases (HDMs), which methylate and demethylate histone tails, respec-
tively. Certain HMTs (such as SMYD1, WHSC1, Ezh2, SUB39h, and DOT1L) and HDMs
(Jmjd1-Jmjd3) contribute to cardiac development and hypertrophy [53-55]. Control of tran-
scription by these enzymes can be either repressive or enhancing, depending on the location
and extent of methylation (reviewed in several sources [50,56,57]). In addition to histone
methylation, histone acetylation is another critical PTM and is controlled by histone acetyl-
transferases (HATs) and histone deacetylases (HDACs). HATs and HDACs are considered
master regulators of gene transcription due to their role in chromatin remodeling, where hi-
stone acetylation loosens chromatin structure and histone deacetylation “winds” chromatin
into a tighter structure (Figure 2) inaccessible to transcription machinery. HAT enzymes
p300 and pCAF are particularly important in the human heart, contributing to cardiac
development and hypertrophy [50,58-61]. HDACs are unique in their ability to deacetylate
not just histones but a broad range of protein targets, affecting diverse cellular processes
including chromatin remodeling, cell cycle, splicing, and microtubule stabilization [62].
Four main classes of human HDAC s exist: class I (HDAC1, HDAC2, HDAC3, HDACS),
class II (Ila: HDAC4, HDAC5, HDAC?7, HDACY; IIb: HDAC6, HDAC10), class III (SIRT1-7),
and class IV (HDAC11) (Table 1). Classes I, II, and IV are classical, Zn2+—dependent HDACS,
while class IIl HDACs are NAD*-dependent.
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Subcellular Known Effects Known Known Cardiac
Class Gene Chr Localization Heart Exp on TF Action Involvement
Protective against
SIRT1 10 nucleus, low FOXO, MEF2, HIF1a, H2A, H3K14, hypertrophy [76], severe
mitochondria PER2, BMAL1 H4K16 overexpression promotes
cardiomyopathy [77]
plasma membrane, KO increases hypertrophy
SIRT?2 19 cytoskeleton, low NFAT, FOXO3, HIF1a H3K56, H4K16 and fibrosis, decreases
nucleus ejection fraction [78]
KO promotes hypertrophy
SIRT3 11 mitochondria high FOXO, CERS - and fibrosis [77], KO
ecreases ejection
fraction [80]
= P h hy and
SIRT4 12 mitochondria medium PPARa - romotes hypertrophy an
fibrosis [81]
mitochondria, . CPS1, SOD1, KO promotes hypertrophic
SIRTS 6 cytoplasm medium SHMT?, CYCS H3K9 cardiomyopathy [82]
KO promotes hypertrophy
SIRT6 19 nucleus high NF-kb, HIF1a H3K9, H3K56 [83], protective against I/R
injury [84]
KO promotes hypertrophy
SIRT7 17 nucleus medium - H3K18, H3K36 and inflammatory
cardiomyopathy [85]
H2A, H2B,
v HDAC11 3 nucleus - NOTCH1 H3, H4 -

While HDACs and their roles in fundamental cell processes such as development,
cell life, and cell death are generally well studied, their role in cardiac electrophysiology
is not fully characterized. HDAC activity influences cardiac electrophysiology through
two general mechanisms. First, HDACs perform transcriptional reprogramming. HDAC
classes I and II coregulate fetal gene programs in cardiomyocytes [86,87] which, during
cardiac stress, result in impaired myocyte contractility [88,89]. Class I HDACs also act
on important electrophysiology-modifying TFs such as NF-kB, which is involved in Ca?*
handling, and NKX2.5, which is a critical TF for the Na*/ CaZt exchanger (NCX1) [90,91].
HDACs 1, 3, and 5 form a corepressor complex that deacetylates NKX2.5, promoting NCX1
expression [91,92]. HDAC4 inhibits myocyte enhancer factor (MEF2) and suppresses Ca”*
pathways in the heart [93].

The second mechanism for HDAC impact on cardiac electrophysiology is through
interactions with cytoskeletal and contractile proteins in the heart [62,94,95]. For example,
a-tubulin, which is important for gap junction growth and connexin trafficking [96], is
critical for cardiac biomechanics [97] and is a target of HDAC6, a predominantly cytoplas-
mic deacetylase [98,99]. HDACS6 action on «-tubulin leads to degradation and, ultimately,
structural and contractile dysfunction [100]. In addition, an important cytoskeletal HDAC6
target [101,102] is cortactin, which associates with Ky1.5 to regulate Ix,; [103]. Deacetyla-
tion of cortactin by HDACG leads to loss of Ca®* transients and can cause arrhythmogenesis
through perturbation of K* currents [103]. Other HDACs can interact with contractile
proteins by binding directly to myofibrils [104]. For example, HDAC4 deacetylates mus-
cle LIM protein, which reduces myofilament Ca®* sensitivity [94]. Table 1 summarizes
the general cardiac involvement of each HDAC, highlighting potential heart-healthy or
detrimental roles.

The HDAC/HAT axis is crucial for cardiac hypertrophy and development. Because
class I HDACs are known to promote growth in the heart [65,67,105-111] while class II
HDAC:s generally suppress growth and fetal gene activation [57,73,112,113], class | HDACs
are broadly regarded as pathological in the heart while class Il HDACs are regarded as
cardioprotective [114]. However, key studies in this field are performed in animal models.
Therefore, careful evaluation in humans is necessary. Of particular interest are effects of
HDAC/HAT on essential cardiac channels (Figure 2) such as the Na*/ Ca?* exchanger,
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the Kir2.1 ion channel, and the Na*/K* pump [115], revealing underlying mechanisms of
epigenetic regulation of cell electrophysiology.

2.2. Differential Gene Expression in hiPSC-CMs and the Adult Heart Relevant to Epigenetic
Modifiers and Electrophysiological Function

Evaluation of hiPSC-CMs as an experimental tool in epigenetics requires consideration
of the cells” epigenetic profile and how it compares to that of the adult heart. Few studies
have robustly investigated this comparison, hence only a small pool of literature exists
where expression profiles of epigenetics genes were examined in both hiPSC-CMs and adult
heart. Two early studies performed such comparative microarray experiments [116,117],
which are discussed here.

Babiarz and colleagues analyzed in-house-derived hiPSC-CM RNA and adult hu-
man cardiac RNA (Ambion, Austin, TX, USA) using Illumina HumanWG6-V3 BeadChip
(Ilumina, San Diego, CA, USA), while the Gupta group processed in-house-derived hiPSC-
CM RNA and adult human heart RNA (Clontech, Saint-Germain-en-Laye, France) using
Sentrix® Human HT-12_V3 whole-genome bead chips (Illumina, San Diego, CA, USA).

Expression data for cardiac-relevant epigenetics genes [50] showed general upregu-
lation of HDAC, HMT, HDM, and reader genes in hiPSC-CMs compared to adult heart
(Table 2A). These differences are not extreme overall (fold change within +2) but are of
note. Key cardiac electrophysiology genes, however, presented more drastic observations
(Table 2B). For example, KCNJ2, a gene coding for the Kir2.1 channel which contributes to
the inward-rectifying potassium current Ik, is substantially downregulated in hiPSC-CMs
compared to adult heart—a known deficiency and a common target for optimization of
maturity in hiPSC-CMs [118], for example through genetic overexpression of KCNJ2 [119].
Differential expression of cardiac electrophysiology genes yields no clear trend, indicating
the need for further robust quantification. Moreover, microarray technology as well as
protocols for hiPSC-CM differentiation and maturation have seen substantial improve-
ments in recent years [119-121]. Three-dimensional approaches [43-45] to create more
physiologically-relevant cell structures may further affect maturity and the potential of
hiPSC-CMs to better capture epigenetic modulations. Therefore, more up-to-date compar-
ative transcriptomics experiments are needed. This work may further benefit from RNA
interference (RNAI) studies where perturbation of specific epigenetic genes (such as those
in Table 2A) would reveal impacts on expression of cardiac electrophysiology genes.

Table 2. Comparative expression illustrating epigenetic profiles (A) * and electrophysiology (B) for
adult human heart (control) and hiPSC-CM. Blue and red coloring indicates degree of relative over-
or underexpression in hiPSC-CMs compared to adult human heart. — denotes genes that were
not covered by microarray probe sets. AP indicates action potential. Data acquired from Illumina
BaseSpace Correlation Engine, accessed 19 May 2020. * List of cardiac-relevant epigenetics genes
derived from [50].

A Gene Expression Relevant to Cardiac Epigenetics

Gene Fold change Ref.

HATs p300 (EP300) -

pCAF (KAT2B) -

SMYD1 -
Writers WHSC1 1.54 [116]
HMTs Ezh2 3.95 [117]

SUuv3oh -
DOTIL 142 [116]




Cells 2022, 11, 200 8 of 27

Table 2. Cont.

HDACI1 1.88 [117]
[117]
I [116]
HDAC3 1.51 [116]
HDACS8 1.72 [116]
HDAC4 -
HDAC5 —1.28 [117]
lla HDAC7 121 [116]
HDAC9 1.55 [116]
HDAC - HDAC6 -
classes HDACI0 -
e 2.24 [116]
Erasers 1.79 [117]
SIRT2 —1.96 [117]
SIRT3 1.31 [116]
111 SIRT4 -
1.4 [116]
SIRT5 [117]
SIRT6 -
SIRT7 -
v HDACI11 -
Jarid2 -
Jmjd1 2.85 [116]
HDMs Jmjd2 1.41 [116]
Jmjd3 -
urx 2.68 [116]
Brgl (SMARCA4) -
Baf60a (SMARCD1) 1.99 [117]
SWI/SNF Baf180 (PBRM1) 1.43 [117]
1.25 [116]
Readers Baf250 (ARID1A) -
Brd4 -
BETs 14-3-3 (YWHAB) -
ZMYNDS8 3.01 117
(DDR)-related readers (RA CI?;I /PII\{IK CBP1) 14 {116}
B Gene Expression Relevant to Cardiac AP
Gene Gene info Fold change Ref.
SCN5A Nay1.5 = Ing 1.48 [116]
1.39 [116]
CACNAIC Cay1.2 = IcaL W [17]
CACNAIG Cay3.1/3.2 — Icat 1.41 [116]
KCNH?2 Kc11.1 (hERG) — L, _145115 Ei;}
KCNQ1 Ky7.1 = I iflg Eig}
KCNJ2 Kir2.1 — Ixq —4.24 [117]
KCNJ12 Kir2.1 — Ixq 1.42 [116]
KCND2 KV 14/1.7/3.4 — Lo s 1.39 [116]
KCND3 KV42/43 = 1 ¢ 1.2 [116]
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KCNA4 KV1.4/1.7/34 = Tios -

KCNA5 Ky1.5 = Ixur _;Z; Eigi

KCNK1 TWK-1/2 — Ixp —261 [117]

—1.92 [117]

KCNK6 TWK-1/2 — Igp 1.6 [116]
KCNK3 TASK-1 — Igp -

KCNK4 TRAAK — Ixp 1.33 [116]

KCNJ11 Kir6.2 — I arp ~16 [117]
HCN2 HCN2/4 — It -
HCN4 HCN2/4 — I -

ATP1A1 INak 2.47 [116]

—7.15 [116]

[117]

TP e -138 [116]

~16 [117]

ATP1A4 INak 1.46 [116]

NCX1 Incx 2.03 [116]

3.59 [116]

ATP2A2 SERCA2 187 [117]

, —4.18 [116]

RYR2 Ryanodine receptor 2 187 [116]

CALM1 Calmodulin 1 —2.36 [117]
CALM?2 Calmodulin 2 -
CALM3 Calmodulin 3 -

, —253 [116]

CASQ2 Calsequestrin 7]

K* channel interactin: —1.63 [116]

KCNIP2 protein 2 ’ —1.44 [117]

KCNE1 Auxiliary unit for Ixg —1.73 [117]
KCNE2 Auxiliary unit for Iy -
GJA1 Cx43 -

1.27 [116]

GJC1 Cx45 153 [117]

3. Pharmacological HDAC Inhibition

HDAC inhibitors (HDACi), a unique class of epigenetic modifiers, have gained promi-
nence in the laboratory and as therapeutic agents (Table 3) for a variety of pathologies,
especially cancer [122-124] and autoimmune diseases [125]. Over the past two decades,
four FDA-approved HDACi have emerged: vorinostat (SAHA) [126], romidepsin (dep-
sipeptide) [127], belinostat (PXD-101) [128], and panobinostat (LBH589) [129]. Data from
clinical trials, animal models, and in vitro studies have revealed both negative and positive

effects of HDAC] on heart health.

3.1. HDAC: in Clinical Trials and Post-Market Observations

Pharmacological inhibition of HDACs is an active field of research, with 194 ongoing
(Figure 3A) and 373 successfully completed trials in the US to date. Vorinostat, panobi-
nostat, and entinostat predominate these studies. Cancer indications are most prevalent,
contributing over 90% (180) of all ongoing HDACi clinical trials, but other indications,
such as HIV (7), are also studied (Figure 3B). Data from these FDA trials suggests limited
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because HDACi generally have minimal direct acute effects (<1 h), cardiotoxicity screening
for HDAC] requires an improved platform that can address hidden cardiotoxicity through
chronic monitoring of both healthy and diseased models.
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Table 3. Specificity and application of pan and selective HDACi. “+” indicates inhibitory selectivity. Additional “+” and red color indicate greater inhibitory effect.

Modified from [134].
Class I Class Ila Class IIb Class IV
Inhibitor Name HDAC1 HDAC2 HDAC3 HDACS HDAC4 HDAC5 HDAC?7 HDAC9 HDACe HDAC10 HDAC11 Cll(l;)lzclzlzt/rzlgllsé;gov
Vorinostat (SAHA) ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ Merck (FDA) 251
Panobinostat ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ Novartis (FDA) 133
Trichostatin A F+++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ 15
Belinostat b4+ b4+ b4+ b4+ F++4 ++++ ++++ 4+ b4+ b4+ b4+ TopoTarget (FDA) 44
Dacinostat F+++ +4++ 4+ 4+ ++++ ++++ +++-+ F+++ +4++ ++++ 4+ Novartis -
M344 b+ e b+ P b b+ b+ b+ fes e b+ -
AR-42 +4++ ++++ +tt ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ Arno Therapeutics 5
Quisinostat ++++ ++++ ++++ ++++ ++++ ++++ +++ ++++ ++++ 6
CUDC-907 b+ F F 4+ +4++ +t++ ++++ 6
Pracinostat +++ +++ +++ +++ +++ MEI Pharma 12
CUDC-101 ++++ +++ ++++ +++ +++ ++++ +++ Curis 4
Ricolinostat +++ +++ ++++ Celgene/Acetylon 9
Abexinostat +H++ +++ ++++ +++ +++ Pharmacyclics 9
HPOB +++ 1
MC1568 -
Mocetinostat Mirati 22
TMP269 +++ +++ -
PCI-34051 ++++ -
Droxinostat
Resminostat +4++ 4+ 4SC 5
BRD72954 +++ -
BG45 -
4SC-202 4SC 3
Tacedinaline 3
LMK-235 +++ ++++ -
Romidepsin +++ +++ Celgene (FDA) 88
RG2833 +4++ Replign -
Entinostat Syndax 60
CAY10603 ++++ -
Tubacin ++++ -
RGFP966 -
Tubastatin A +4+ -
Nexturastat A ++++ -

SS-2-08 ++++ -
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4. Methodologies for Quantifying Effects of HDACi in hiPSC-CMs

The hiPSC-CM model for high-throughput screening of cardiotoxicity is made possible
by a robust testing “toolbox” through which genetic, epigenetic, and phenotypical analysis
can be performed in a quantitative manner. Described here are, following experimental
workflow, the techniques used for quantification of HDAC] effects on hiPSC-CMs. We
consider an experimental setup including a treatment group (HDACi treatment: various
concentrations, various HDACi drugs) and a control group of untreated hiPSC-CMs. Of
interest in this scheme is quantifying various stages of HDACi effect, beginning with


fda.gov
crediblemeds.org

Cells 2022, 11, 200

. VICUIIOUUL0E1CS 101 JUdIlULyllly LIICCES O TIDVACL HLINF OLAC VLS

The hiPSC-CM model for high-throughput screening of cardiotoxicity is made pos-
sible by a robust testing “toolbox” through which genetic, epigenetic, and phenotypical
analysis can be performed in a quantitative manner. Described here are, following exper-
imental workﬂow, the techmques used for quantlﬁcatlon of HDACi effects on h1€§g% 27

various concentrations, various HDACl drugs) and a Control group of untreated hIPSC—
CMs. Of interest in this scheme is quantifying various stages of HDACi effect, be%mmn

ml?ltm%a%%ﬁsﬁ‘etx&%&oaﬁmg}& uehhig Shangesin sl Hnchimalbehapr

@éﬁ%‘for (Figure 5).

A HDAC: inhibits HDAC: B Chromatin loosens & acetylation increases: ATAC-seq, ChIP-seq, WB
Inhibition assay

g g | 888 J/;J/;J/

i ii -/ Ac Ac —/ Ac iv
A / /
Csubstrate : 4 «/\- ~/\_. »/\_.. K
P Tn5 ' \Y
> G | PO @ ;
[
s

2 T n
Mol W & & &

-
= -
o= o
20l ®

ChiP J\ J

c Gene expression altered: m/\w " /wi lr\ D Functienal behavior al'tered:
gPCR, microarray, NGS N\w = p'ﬂ ;F ; all-optical electrophysiology
i 225
contractility
DNA RNA Protein ﬁ é 5 Ca®
IME B =l
i RNA DNA '-:-,"':’
ANANNAN PaVaVaVaWan iv e¥, ¢
ANANNN T A AAAAN | Ty
ANANANAN i | X 'I‘F

Figure 5. Methods for quantifying efflects off DG (A3 X () HIMM B ppevintt ccnd dessd dhtamatitin
strdeture and are counteracied by small-molkeur Iﬂ@e@l FRseatisakts (i M sdnhibisiern
ARy indirsctly measures ﬁ%ﬁ%@@m&a&mﬂf %&%@A&Lfmméﬁf@ﬁss@(xm
i s rom condenied,( gﬁg 1?05 DRI S

A5, ) I SAh S o it T e PS5, R Rl
nGrEases; Sherpat w&e%sel t?% db&%%%%%d&m%%&gré%{gﬁawms‘ﬁ%%%%?SS;Pé%&uégeﬁgn
@mg§%ﬂl{?ﬁyl%a(ﬁsléﬁﬁfﬁﬁma&n@@rmmfﬁw%&p@ﬁaaltek}yl}ﬁ@%mec@cb@m%%% P-
seg édiy ransaigiiasl seCWB{ TEA A dianspesasy [dld) hisvohdistanerratylatigahevelsidssayad apith
wiegterd fol ge(ldiBe-tAde dsabicatesrasaiylp (€hMsbomespgitp ATa]-secparnd Qe deqmaips athgmed
tbFs @fdnteresicndspbeneiyperad jnterashsiernpshedetfeh (i R o wptif datinn afleath T By of
iigselan (i HER dppelost Hhisshprat dianracenesy ba R il MissAYIAY ASSURAE P I¥E .
(ii) gPCR is a low-throughput fluorescence-based assay. (iii) Microarray assays are a high-throughput
alternative to qPCR, allowing simultaneous detection and quantification of thousands of genes.
c¢DNA indicates complementary DNA. (iv) Next-generation sequencing (NGS) is a high-throughput

deep sequencing tool. (D) Functional behavior is assessed through contractility assays as well as
2+).

all-optical electrophysiology recordings. Transmembrane potential (Vi), calcium transients (Ca
Representative Vi, and CaZ* transients modified from [15]. Created with Biorender.com.
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4.1. Quantification of HDAC Enzyme Inhibition

After application of HDACi drug to cultured hiPSC-CMs, HDAC activity assay Kkits,
such as HDAC-Glo™ I/II Assay (Promega, Madison, WI, USA), quantify HDAC enzymatic
activity. Figure 5(Aii) illustrates the assay mechanism, where a proprietary acetylated
substrate is deacetylated by the HDACs in the cell sample. Availability of the deacetylated
substrate is measured through aminoluciferase-based chemiluminescence, recorded by a
microplate photometer (i.e., plate reader). Reduced chemiluminescence is expected for
HDAC:i-treated samples. Because HDAC-Glo™ I/1I is performed directly on cultured cells
in a single-reagent-addition format and because the luminescent signal has a half-life of
>3 h, this assay is amenable to high-throughput and/or automated experimental platforms.

4.2. Quantification of Histone Acetylation: ATAC-seq, ChIP-seq, Western Blot

HDAC inhibition corresponds to loose chromatin structure and high levels of chro-
matin acetylation (Figure 5(Bi)). There are several options for quantification (extensively
reviewed in [145]). The assay for transposase-accessible chromatin using sequencing
(ATAC-seq) (Figure 5(Bii)) quantifies loci-specific chromatin accessibility [146]. Tn5 trans-
posase binds open chromatin and inserts adaptor sequences. The resulting fragments are
deep-sequenced to map regions of open chromatin. Increased chromatin accessibility is
expected in HDACi-treated samples, and loci-specific data may shed light on epigenetic
mechanisms of HDACi] effects on cardiophysiology. Library preparation for ATAC-seq re-
quires roughly 50,000 cells [147] and the ATAC-seq workflow was designed for sequencing
using high-throughput instruments such as Illumina, making this chromatin accessibility
assay accordant with high-throughput experimentation in hiPSC-CMs.

Chromatin immunoprecipitation sequencing (ChIP-seq) is another method for identi-
fying open regions of chromatin (Figure 5(Biii)) [148-150]. ChIP-seq reveals localization
of chromatin-binding proteins such as transcription factors (IF) or other transcription
machinery. In brief, chromatin is sheared [145] and antibody pulldown isolates the protein
of interest and its bound DNA is collected for deep sequencing or quantitative polymerase
chain reaction (qQPCR). ChIP-seq can be applied to cardiac epigenetics studies to reveal
chromatin accessibility at loci associated with critical electrophysiology TF (Table 1). Combi-
nation of chromatin immunoprecipitation with high-throughput sequencing technology in
ChIP-seq is compatible with small-volume, precious sample material, such as hiPSC-CMs.

Histone acetylation levels are also affected by HDAC inhibition and can be quantified
using western blot, WB (Figure 5(Biv)) [151-153]. While standard WB remains prevalent,
this method is not suitable when using expensive samples due to large input requirement,
low throughput, and lengthy protocol. Recent WB miniaturization using capillary elec-
trophoresis addresses such concerns to allow handling of smaller samples, compatible with
96-well plates [154].

A recently developed analysis strategy involves overlay of maps from Genome-Wide
Association Study (GWAS), ATAC-seq, and ChIP-seq (Figure 5(Bv)) [155]. By aligning
these maps, loci can be identified where chromatin accessibility, TF of interest, and certain
phenotypic traits (GWAS) are all enhanced. In cardiac epigenetics studies, this technique
may provide unmatched insights into underlying links between HDAC:sS, their target TFs,
and resulting cardiac physiological phenotypes, known from GWAS.

4.3. Quantification of Gene Transcription: gPCR, Microarray, RNA-seq

Because chromatin accessibility impacts gene expression, RNA profiling reveals output
of HDAC: epigenetic effects (Figure 5(Ci)). Quantification of gene expression can be
performed in multiple ways. qPCR (Figure 5(Cii)) is a well-established technique where
isolated RNA is reverse-transcribed and the complementary sequence (cDNA) is amplified
using either probes (ex TagMan) or nonspecific dyes (ex SYBR Green) [156,157]. While
traditional qPCR is low-throughput and not suitable for small sample volumes, newly
available Cells-to-Ct ™ (Invitrogen, Carlsbad, CA, USA) is compatible with 96-well format
and is a considerable improvement to the gPCR workflow. Still, only a small number of
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transcripts can be probed simultaneously with qPCR, which is not intended for large-scale
transcriptomics.

Prominent developments in gene expression quantification include microarray and
RNA-seq, extending to spatial [158] and single-cell [159] transcriptomics (scRNA-seq).
scRNA-seq provides unmatched preservation of complex transcriptomics relationships.
However, this tool has limitations when used with large cells, such as hiPSC-CMs, where
nuclear extraction is required. Other technologies, though, such as microarray, have been
robustly used with hiPSC-CMs. In microarray profiling (Figure 5(Ciii)), extracted RNA
is reverse-transcribed. The cDNA is fluorescently labeled and hybridized to microarrays
against various genomic loci, with current microarrays offering coverage for hundreds of
thousands of probes. With advancement of microarray technology, RNA input require-
ments have decreased drastically from ~1 ug per sample to as little as 100 ng per sample,
improving throughput and feasibility for precious samples. In the context of HDACi effects
on hiPSC-CMs, expression levels of key cardiac electrophysiology and cardiac epigenetics
genes (Table 2) are particularly interesting.

The most powerful emerging high-throughput alternative to qPCR is RNA-seq, a
next-generation sequencing-based platform (Figure 5(Civ)). Briefly, the prepared RNA
library undergoes cyclic cross-bridge amplification, and unique fluorescent labeling of
each nucleotide (A, T, C, G) allows nucleotide-by-nucleotide sequencing of every RNA
fragment simultaneously. RNA-seq has progressed to surpass microarrays in usage and
to require only small amounts of RNA—critical for precious samples. RNA-seq is distinct
from microarray profiling in that RNA-seq allows full sequencing quantification of all RNA
fragments and is, therefore, a deeper technology leveraged as a discovery tool, whereas
microarray only allows profiling of known transcripts.

4.4. Quantitative Functional Studies

The translation of HDACI effects on gene expression into changes in functional
behavior must be investigated. In addition to microelectrode arrays (MEAs) used for
functional recordings [133], all-optical electrophysiology has emerged as a technique of
choice [15,16,18,160,161]. The need to assess chronic HDAC] effects necessitates the use
of genetically-encoded voltage and/or calcium sensors. For example, R-GECO, jR-GECO,
a red-shifted genetically-encoded calcium indicator [162,163], has been used in combina-
tion with optogenetic actuators such as ChR2, a genetically-encoded light-sensitive ion
channel [164,165], for cardiac applications [15,22,160]. R-GECO can also be used with near-
infrared (NIR) optogenetic voltage indicators such as Quasars [166] or high-performance
NIR synthetic voltage probes such as BeRST [15,167] or di-4ANBDQBS [15,168]. Optoge-
netic sensors and actuators can be engineered into stable iPS cell lines, pre-differentiation,
targeting the AAVSI safe harbor site to avoid off-target effects, and to permit chronic con-
tinuous monitoring and control. For example, a dual-reporter cell line with a genetically-
encoded calcium sensor, GCaMP6f, and a nuclear reporter, RedStar, was constructed
recently [169]. Alternatively, plasmid transfection and adenoviral or lentiviral vectors
provide straightforward means for expressing optogenetic actuators or sensors into dif-
ferentiated and matured iPSC-CMs just before their deployment in drug screening as-
says. Such studies include the use of the Optopatch platform with spectrally-compatible
optogenetic actuator CheRiff (a blue-shifted version of ChR2) and NIR quasar voltage
sensor [161,166]. In a drug-testing application, Dempsey et al. combined hiPSC-CMs
expressing CaViar, a dual voltage-calcium sensor system, with cells expressing CheRiff—an
optogenetic actuator [160]. The benefit of optogenetic transformation post-differentiation
or the usage of small-molecule dyes is the flexibility to use any disease model cell line or
commercially-differentiated cells. Lentiviral expression of optogenetic tools is stable and
allows longer-term monitoring, just as the reporter cell lines.

All-optical platforms, e.g., Optopatch [160,161,166], OptoDyCE [15,16], which inte-
grates optogenetic actuators with optogenetics sensors and/or synthetic voltage probes
(e.g., BeRST), allows for multiparametric assessment of function and response to pharma-
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cological or genetic perturbations. The characterization includes simultaneous recordings
of cell action potentials (AP), Ca?* transients, and cell contraction (Figure 5D). Such plat-
forms can be designed at low cost, are inherently scalable, high-throughput (automated
with design for 96-well format), and all-optical electrophysiology has been robustly vali-
dated in hiPSC-CMs [15,16,18,22,170-172]. Unlike MEAs, they are compatible with 3D cell
constructs as well. Cardiac all-optical electrophysiology can be leveraged in hiPSC-CM epi-
genetics studies to indicate and quantify cell responses to HDACi administration, where the
multiparameter investigation can capture cardiotoxicity or cardioprotective HDACi] effects.

5. Epigenetic Studies in hiPSC-CMs

Epigenetics-related studies in hiPSC-CMs are only just emerging, and key investiga-
tions are listed and discussed here (Table 4).

5.1. Epigenetic Characterization of hiPSC-CMs

Several studies have investigated the epigenomic profile of hiPSC-CMs, particularly
through collection of ATAC-seq, ChIP-seq, and RNA-seq data (Table 4) [155,173,174]. No-
tably, Benaglio and colleagues produced large epigenetic datasets and cross-referenced
ATAC-seq and ChIP-seq maps to gain novel insights into epigenetic mechanisms. Align-
ment of ATAC-seq and ChIP-seq maps reveals areas where accessible chromatin, histone
acetylation, and TF binding sites overlap, illuminating the connection between histone
acetylation and gene expression changes. For example, Benaglio and colleagues showed
that locus rs6801957 (in the SCN10A gene) which is enriched for heart rate, is character-
ized by high levels of H3K27 acetylation (information from ChIP-seq), high chromatin
accessibility (ATAC-seq), and high levels of transcription factor NKX2-5 (ChIP-seq) [155].

Table 4. Previous epigenetics studies of hiPSC-CMs. Chm indicates chromatin accessibility assay,
ac-H indicates histone acetylation assay, gene exp indicates gene expression quantification, and
Fxnl indicates functional behavior measurements. “v'” indicates a study’s experimental use of
HDAC inhibitors.

Cell Line(s) Used

HDACi
Applied

Chm Ac-H Gene Exp Fxnl Major Findings

In-house-derived
hiPSC-CM

In-house-derived
hiPSC-CM

hiPSC-CM
(Axiogenesis)

hiPSC-CM
(Axiogenesis)

hiPSC-CM (iCell, CDI)

v

TSA improved differentiation
towards the cardiac
lineage [175].

TSA treatment and suspension
culture improve maturity

MEA (expression of cardiac genes,
homogenous response to hERG
blocker) [176].
HDACI had delayed
cardiotoxicity (reduced beat rate,
arrhythmic events), HDACi
impedance modified pathways related to
recordings, MEA cell contraction,
microtubule/cytoskeleton-
based transport, and Z-disc
binding [133].
Panobinostat diminished
contractile properties (beat area,
beat rate, contraction velocity),
increased levels of cardiotoxicity
biomarkers (cTnl, FABP3, and
NT-proBNP), downregulated
cardiac structural and functional
genes) [177].
whole-cell patch Vorinostat reduced Iy, current
clamp density [178].

MEA, optical

- WB qPCR o

qRT-PCR,
microarray

- = microarray

- - microarray -
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Table 4. Cont.

Cell Line(s) Used

HDACi
Applied

Chm Ac-H Gene Exp Fxnl Major Findings

26 in-house-derived
hiPSC-CM lines

27 in-house-derived
hiPSC-CM lines

In-house derived
hiPSC-CM

NKX2-5 (TF), H3K27ac, and
ATAC peaks are associated with
enrichment for EKG
characteristics such as heart rate,
QT interval, QRS duration, and
atrial fibrillation. Histone
acetylation and TF info from
ChIP-seq can be
cross-referenced with ATAC-seq
peaks and GWAS to illuminate
mechanisms of phenotypic
effects. dbGaP: phs000924;
NCBI: PRJINA285375; GEO:
GSE125540, GSE133833 [155].
Contact propensity is a
mechanism of regulating gene
expression and is positively
associated with H3K27
acetylation and gene expression.
dbGaP: phs000924 [169].
Hypoxia and subsequent
reoxygenation alter chromatin
accessibility (both positively and
negatively in various regions),
particularly at transcription start
sites, indicating the role of
hypoxia-induced chromatin
reorganization in regulating
gene expression. GEO:
GSE144426 [174].

ChIP-seq
ATAC-seq (H3K27ac, RNA-seq, WGS -
NKX2-5)

ChIP-seq
(H3K27ac, RNA-seq, WGS -
NKX2-5)

Hi-C,
ATAC-seq

ATAC-seq,
DNA - RNA-seq -
methylation

Greenwald and colleagues investigated the epigenetic effects of chromatin loop struc-
tures through collection of Hi-C data and analysis of previous ChIP-seq, RNA-seq, and
WGS datasets [173]. They found a positive association between contact propensity (the
probability that loci at loops physically interact) and gene expression as well as with H3K27
acetylation, suggesting chromatin looping as a mechanism of gene expression regulation.

Also of interest are findings of injury-related epigenetics machinery. Ward et al.
explored hypoxia/reoxygenation of hiPSC-CMs and observed that hypoxia and subsequent
reoxygenation can alter chromatin accessibility both positively and negatively, depending
on genomic region [174].

5.2. HDACi in hiPSC-CM Differentiation and Maturation

Early studies have investigated HDACi as tools for improving the hiPSC-CM differen-
tiation process or for improving hiPSC-CM maturity after differentiation. HDAC inhibition,
such as by TSA, was shown to direct human-induced pluripotent stem cells into the car-
diomyocyte lineage [175]. Other techniques for improving cardiac differentiation include
treatment with ascorbic acid [179] and electrical or mechanical stimulation [180,181]. Otsuji
et al. also showed that TSA treatment during early hiPSC-CM culture improved beat rate
and resulted in more homogenous response to hERG blocker E4031, indicating improved
maturity [176].

5.3. HDAC: Cardiotoxicity Testing in hiPSC-CMs

Although many HDACI exist, only a small group are clinically relevant and have been
tested on hiPSC-CMs. We describe here the transcriptional and functional observations of
these experiments and their applications in HDACi toxicity screening.
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vorinostat) and treatments defined as relatively “safe” (0.3 mM entinostat, 1 mM tubastatin-a, and
0.1 mM vorinostat). Top 10 (based on p-value and log ratios, possibly overlapping) differential genes
are in black while genes related to cardiac contractility and function are in red. (B) Time-dependent
changes in beat rate reveal toxic effects of tested HDACi. Red line indicates applicable Ce. * p < 0.05.
Reproduced with permission from [133].

5.3.2. Functional Effects of HDAC] in hiPSC-CMs

In addition to transcriptomics, toxicity can also be assessed through functional mea-
surements. Dacinostat and panobinostat treatment on hiPSC-CMs caused reduced beating
rate, reduced contraction amplitude, and even beating arrest [133]. In whole-cell patch
clamp experiments, vorinostat significantly reduced In, current density [178]. Cell-level
arrhythmic events such as sustained or prolonged contraction, fibrillation-like pattern, and
beating arrest were also observed. Interestingly, researchers noted delayed effects, shown
in Figure 6B, where hiPSC-CMs only began to display functional signs of distress 10+ hours
after HDACi treatment.

5.3.3. Transcriptional Changes Corroborate Functional Outputs

Transcriptional and functional effects of HDACi on hiPSC-CMs corroborate each other.
With downregulation of cardiac electrophysiology and structural genes, impaired func-
tionality is expected, and indeed observed. HDACi treatment caused abnormal beat rates
and contraction patterns, which couple with transcriptional abnormalities to demonstrate
HDACI] cardiotoxicity. Importantly, certain HDACis known to be less toxic (entinostat,
tubastatin A) were associated with only mild or no transcriptional or functional effects
in vitro. Moreover, transcriptional and functional observations both indicate delayed
HDAC; cardiotoxicity. Therefore, hiPSC-CMs offer a drug screening model that can recapit-
ulate important aspects of cardiotoxicity and is able to differentiate between highly toxic
and mild HDACi.

5.3.4. In Vitro Results Are Consistent with Clinical Observations

Several HDAC], including vorinostat, panobinostat, romidepsin, and entinostat, have
been used in the clinic for 5-10 years. Panobinostat and romidepsin are commonly associ-
ated with ST/T abnormalities, ventricular tachycardia, and hypertension. Vorinostat and
belinostat lead to QTc prolongation and are uniquely associated with severe side effects
(grade 3—4), compared to other HDAC;, such as entinostat, which are most commonly asso-
ciated with grade 0-1 effects [130]. These clinical observations of drug severity have been
reflected in vitro, where entinostat was associated with mild or no cardiotoxic effects [133].

6. Conclusions and Future Outlook

Human-induced pluripotent stem-cell-derived cardiomyocytes are a promising tool
for epigenetics studies. hiPSC-CMs can be reliably and sustainably produced and they are
adaptable to high-throughput formats. Ability of the cells to provide electrophysiological
information is critical for cardiac and cardiotoxicity studies, and previous studies indicate
that hiPSC-CMs are capable of detecting drug-induced cardiotoxicity, allowing application
in drug screening. Importantly, large-scale and robust epigenetic profiling remains to be
carried out for cells that have been optimized towards a more mature phenotype. Moreover,
future broader experimentation with pharmaceutical HDAC inhibition will validate the
utility of these cells for preclinical investigation of HDACi cardiac therapeutic potential.
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