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Atrial fibrillation (AF) is a type of sustained arrhythmia in humans often characterized by devastating alterations to
the cardiac conduction system as well as the structure of the atria. AF can lead to decreased cardiac function,
heart failure, and other complications. Long non-coding RNAs (IncRNAs) have been shown to play important roles
in the cardiovascular system, including AF; however, a large group of INcRNASs is not conserved between mouse
and human. Furthermore, AF has complex networks showing variations in mechanisms in different species, making
it challenging to utilize conventional animal models to investigate the functional roles and potential therapeutic
benefits of INcRNAs for AF. Fortunately, pluripotent stem cell (PSC)-derived cardiomyocytes (CMs) offer a reliable
platform to study IncRNA functions in AF because of certain electrophysiological and molecular similarities with
native human CMs.

atrial fibrillation long non-coding RNAs iPSC disease modeling pluripotent stem cells

heart disease arrhythmia

| 1. Introduction

Atrial fibrillation (AF) is the most common form of cardiac arrhythmias among heart patients [, which ultimately
leads to heart failure and other complications, which increase morbidity and mortality [&. The pathology of AF is
characterized by remodeling of the atrial electrical

system—often mediated by abnormalities in ion channels BI4BE, One major feature of atrial remodeling in AF is the
shortened refractory period leading to reentry due to reduced action potential duration (APD) B2, The cause of AF
is not fully understood, as genetic background, lifestyle, hypertension, or other underlying pathological conditions

can all play a role [&l,

With the advancement of new RNA sequencing technologies, a large set of noncoding RNAs (ncRNAs) were
characterized in AF patients, which were believed to have essential roles in both atrial development and disease 2.
NcRNAs are non-protein coding RNAs that are divided into two major groups: small ncRNAs less than 200 nt in
length and long ncRNAs (IncRNAs) more than 200 nt in length. MicroRNAs (miRNASs), a subgroup of short non-
coding RNAs, have been widely studied in AF and shown to play an essential role in this condition 1911 |n past
decade, the identification of IncRNAs opened a new avenue of investigation in AF research. Accumulating evidence
shows that IncRNAs play key roles in several cardiovascular diseases, including AF 2. Consequently, it is

important to determine how they function in AF development and whether they could be used to treat AF. Indeed,
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recent studies have shown that IncRNAs can serve as molecular biomarkers in AF patients and possess the
potential to be therapeutic targets 1311241 Therefore, the identification and characterization of new IncRNAs could
shed light on the mechanisms behind AF and may serve to prevent, diagnose, and, ultimately, treat AF. Because
the causes of AF are highly variable between human and animal models, it is essential to develop appropriate
disease models using human cells or tissues 13, Human pluripotent stem cells (hPSCs) are emerging as an

essential system to model AF, whether they are derived from patients or genetically manipulated in vitro.

| 2. LncRNAs in Atrial Remodeling and Development of AF

Although IncRNAs have been studied and shown to function in various heart diseases, their function in the
pathogenesis of AF is not well-understood. AF development is a complicated process, yet it is primarily caused by
either structural remodeling or electrical remodeling of the atria, which disrupts the contraction of atrial

cardiomyocytes 18, Table 1 summarizes known IncRNAs that participate in atrial remodeling and AF development.

Table 1. LncRNAs in the development and pathophysiological remodeling of AF.

Development of AF

Expression ) ]
LncRNA ) Mechanism of Action Study Model
in AF
May be involved in AF by regulating
RP11-99E15.2 (7] ND extracellular matrix binding via interactions Patient (AF)

with ITGB3

May be involved in AF by regulatin
RP3-523K23.2 17 ND U o Vi 2 Patient (AF)
transcription of HSF2

Dysregulating mitochondrial energy
AK055347 [18] Up production by regulating mitochondrial Patient (AF)
Cyp450, ATP synthase, and MSS51

Structural Remodeling

PVT1 (1929 Up Regulating miR-128-3p/Sp1/TGF-b1/Smad  Patient (AF) or Atrial
axis by sponging miR-128-3p fibroblast; Mouse heart

https://encyclopedia.pub/entry/1658 2/14



Human Pluripotent Stem Cell-derived Cardiomyocytes | Encyclopedia.pub

GASS5 (2] Down
PCAT1 [22 Up
MIAT [23] Up
NRON [24] Up

TCONS_00032546

[25] Down
TCONS_00026102
- Down

[25]

Electrical Remodeling

PANCR [2¢] ND

TCONS_00075467

271 Down
KCNQ10T1 (28 Up

Inhibiting ALK5 and suppresses cell

proliferation

Promoting fibroblast proliferation through
targeting TGF-b1

Alleviating AF and reducing atrial fibrosis

by suppressing miR-133-3p

Inhibiting NFAT localization to nucleus,
thus suppresses IL-12 and macrophage
switch from M2 to M1.

Related to RAS-mediated neuronal

remodeling in cardiac fat pads

Related to RAS-mediated neuronal

remodeling in cardiac fat pads

Regulating PITX2, an AF-related gene, but
not studied in AF directly

Upregulating of it results with increased
sponging of miR328, thus increasing
CACNALC levels

Downregulating of it results with decreased

sponging of miR384, thus decreasing

(Ang-II)

Patient (AF) or AC16

Patient (AF) or AC16

Patient (AF); Rat

(electrical stimulation)

Mouse atrial CM (Angll)

Canine heatrt (atrial

tachypacing)

Canine heart (atrial
tachypacing)

Human ESC-CM

Rabbit right atria (AF)

Mouse heart (Angll) or
CM
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CACNAILC levels

Modulating cardiac contraction genes (e.g., ]
NPPA-AS1 17] Up Patient (AF)
NPPA, PLCE1, TNNC1, TNN1).

Downregulating miR-1, an AF-related )
IncRNA-HBL1 22 Up o ) Human iPSC-CM
gene, but not studied in AF directly

2.1. LncRNAs in the Development of AF

A number of reports have described differentially expressed IncRNAs in AF BBl Meij et al. Bldemonstrated that
182 IncRNAs were differentially expressed in left atrial tissue samples from patients with AF compared to patients
with normal sinus rhythm. Ruan et al. 22l performed microarray analyses on AF patient samples to examine the
expression profile of INcRNAs and found 219 differentially expressed IncRNAs compared to AF-free patients. They
postulated that the IncRNAs identified in their study were responsible for AF initiation by promoting electrical
remodeling and altering the renin-angiotensin system (RAS). In another study, Xu et al. showed 177 differentially
expressed INcRNAs in AF patients. They also analyzed co-expression profiles of IncRNAs with mRNAs and found
that the transcriptional regulators GATAL, TAF7, and EBF1 were involved in expression of AF-related INncCRNAs.
Indeed, previous findings have shown that GATA1 and TAF1 have known roles in AF pathology 23134l Ke et al.
also performed a differential expression analysis of IncRNAs in the left and right atrium of AF patients and identified
two AF-linked IncRNAs (RP11-99E15.2 and RP3-523K23.2) that regulate heat shock factor 2 (HSF2), which is an
important player in hypertension-induced HF. Furthermore, Cheng et al. examined INCRNA expression profiles in
the left atrial appendage and left atrial tissue surrounding the pulmonary veins, where AF is believed to be initiated,
and identified 94 differentially expressed IncRNAs. Among them, AK055347 was found to be the most significantly
altered. Knockdown of AK055347 inhibited expression of the mitochondrial genes Cyp450, ATP synthase, and
MASS51, resulting in decreased viability of HOC2 cardiomyocytes. These findings suggested that AK0O55347 may

be a regulator of AF by affecting mitochondrial energy production.

In summary, IncRNAs have been identified as being involved in AF by establishing a connection between their
expression and that of AF-related gene networks. Therefore, we will now focus on IncRNAs associated with

structural and electrical remodeling in AF.

2.2. LncRNAs in Atrial Structural Remodeling

Fibrosis is a hallmark of structural remodeling of the atria and is a multifactorial process. LncRNAs were identified
to interact with key factors associated with the development of atrial fibrosis and AF such as TGF-b1, which is the
most commonly cited factor involved in fibrosis. Zhao et al. found 57 differentially expressed IncRNAs in epicardial

adipose tissue from AF patients compared to patients with normal sinus rhythm. Compelling evidence showed that
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IncRNAs secreted from epicardial adipose tissue diffuse into the myocardium and induce atrial fibrosis . Another
study showed that AF patients had increased amounts of adipose tissue on their myocardium and increased levels
of the fibrotic markers TGF-b1 and Smadz2 in this tissue 23], Zhao et al. identified multiple INcRNAs connected with
protein-coding genes that are known to play role in atrial fibrosis. One of these INcCRNAs was plasmacytoma variant
translocation 1 (PVTL1), whose expression was found to associate with genes related to lipid metabolism,
inflammation, and TGF-bl-induced epithelial-to-mesenchymal (EMT) transition such as NOS3, TTC3, PDLIM1, and
SP1 . In particular, PVT1 expression was elevated in atrial muscle tissue from AF patients . Overexpression of
PVT1 induced fibrosis by acting as a sponge for miR-128-3p; thereby, regulating the miR-128-3p/Sp1/TGF-
bl/Smad axis, leading to SP1-mediated activation of the TGF-bl/Smad pathway and increased production of

collagen | and Il. Conversely, inhibition of PVT1 reversed fibrosis.

ALK5, a downstream target of TGF-bl, is known to regulate the proliferation of cells B4l including cardiac
fibroblasts. Growth inhibitory specificity (GAS5) is a IncRNA that inhibits ALK5 in cardiomyocytes . GAS5
expression was decreased in atrial appendage samples from AF patients. Knockdown of GAS5 increased cell
growth, while its overexpression inhibited growth of AC16 cells in vitro. Prostate cancer associated transcript-1
(PCAT1) is another IncRNA that has been identified during the fibrotic remodeling of AF. PCAT1 expression levels
were higher in atrial appendage samples from AF patients. PCAT1 promoted fibroblast proliferation by targeting
TGF-bl. Aside from its function in cardiac hypertrophy and fibrosis, MIAT has recently been shown to play a role in
AF through repression of miR-133-3p . MIAT expression was elevated in the atrial tissues from a rat model of AF,
while miR-133-3p expression was decreased. Knockdown of MIAT alleviated AF and reduced the duration of
fibrillation episodes as well as promoting increased atrial function and suppressing cardiomyocyte apoptosis. On

the other hand, MIAT knockdown was shown to suppress AF-induced atrial fibrosis.

Macrophages are also involved in atrial fibrosis. M1 macrophages arrive to the site of injury and clear the cellular
debris, while M2 macrophages help regulate the tissue-healing process. It was shown that a switch from M1 to M2
macrophage types prevents cardiac remodeling and improves heart function . Noncoding repressor of NFAT
(NRON) is a IncRNA that is normally recruited to the promoter of interleukin-12 (IL-12), which is known to induce
the switch from M2 to M1 types, leading to atrial fibrosis . NRON was found to inhibit nuclear localization of NFAT,
thus inhibiting IL-12, which reversed macrophage switching and decreased atrial fibrosis. Another study that
examined IncRNAs associated with immune signaling, identified co-expression networks between up-regulated
mRNAs and IncRNAs in lymphocytes collected from AF and non-AF patients 22, Those networks were related to
tumor necrosis factor (TNF), toll-like receptor (TLR), and NF-kB signaling pathways. In short, IncCcRNAs from
lymphocytes were linked with cellular processes including collagen synthesis, oxidative stress, inflammation, and

apoptosis, which are all involved in the development of atrial fibrosis.

In addition to the above, increased sympathetic neuronal activity has been recorded in patients prior to the
development of post-operative AF B8 Interestingly, RAS has been shown to interact with the autonomic nervous
system and is involved in neuronal remodeling. Wang et al. analyzed IncRNAs in cardiac fat pads of canines with
or without AF and found that aberrantly expressed IncRNAs were related to neuronal development, differentiation,

and degeneration. Among the identified IncRNAs, they showed that in vivo inhibition of two InCRNAs
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(TCONS_00032546 and TCONS_00026102) related to neuronal remodeling, either shortened or prolonged the
atrial refractory period, resulting in the increased occurrence or prevention of AF. In addition, the expression of
these INncRNAs was negatively correlated with CCND1, FGF19, FGF4, FGF3, and SLC25A4 expression as well as
the genes neighboring these INncRNAs. Together, these studies suggest that IncRNAs may contribute to the

development of AF through RAS-mediated neuronal remodeling.

2.3. LncRNAs in Atrial Electrical Remodeling

LncRNAs are also involved in electrical remodeling in AF, although this connection is less well-established than
their involvement with structural remodeling. The major drivers of electrical remodeling are shortening of the atrial
refractory period and action potential duration. One of the genes identified in AF is PITX2, which is also associated
with heart development. Holmes et al. found that mice predisposed to developing AF had relatively low levels of
PITX2. PITX2 affected cardiac ion channels to alter the atrial refractory period. In addition, PANCR, an upstream
IncRNA targeting PITX2, was identified . However, PANCR has not been directly linked with development of AF;
yet, because of the role of PITX2 in AF, PANCR can be considered an AF-related IncRNA .

Li et al. examined IncRNAs in AF and non-AF rabbits and found that silencing of the IncRNA TCONS_00075467
resulted in a shortened atrial refractory period and action potential duration. This effect was likely due to its role as
a sponge for miR-328, which silences its inhibitory function on target mRNAs. Because of the lack of this INCRNA,
mMiR-328 expression increases, resulting in downregulation of CACNALC, an L-type calcium ion channel. Indeed,
dysregulation of CACNALC has been previously shown to be involved in the development of AF through regulation
of RAS 7381 Activation of RAS has been shown to increase left atrial pressure via Angll in hypertension and heart
failure. Moreover, prolongation of RAS activation induces high levels of angiotensin-converting enzyme (ACE) and

Angll receptors, resulting in inflammation and fibrosis or structural remodeling B49,

In mice with Angll-induced AF, Shen et al. identified an overexpressed INcCRNA, KCNQ1 overlapping transcript 1
(KCNQ10OT1). KCNQ1OT1 acts as a sponge to miR-384, which targets and silences CACNA1C. Overexpression
of KCNQ1OT1 inhibits the silencing effect of miR-384, leading to elevated CACNALC levels and the development
of AF.

Ke et al. analyzed RNAseq data in left and right atrial appendages from patients with or without AF and identified
key RNAs linked with AF. They predicted IncRNAs that potentially regulate adjacent protein-coding genes and
found that IncRNA NPPA-AS1, RP11-99E15.2, and RP3-523K23.2 could interact with NPPA, ITGB3, and HSF2,
respectively, and may be involved in the pathogenesis of AF. Particularly, NPPA-AS1 was found to be co-expressed
with six contractile genes, including NPPA, PLCE1, TACR1, GSTO1, TNNC1, and TNN1, suggesting that NPPA-

AS1 contributes to AF pathogenesis through the modulation of cardiac contraction.

3. Deciphering LncRNA Function in Atrial Fibrillation by
hPSC Disease Modeling
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A large-scale evolutionary study showed that many IncRNAs have very limited sequential conservation unlike
protein-coding counterparts 414214311441 Additionally, multidisciplinary analyses of IncRNAs from different species
showed the vast majority of IncRNAs show minimal conservation 2. Consequently, this limited conservation
between species restricts the effective study of many IncRNAs in human AF. Also, the lack of a mechanistic
understanding of AF development is an obstacle to understanding AF substrates. The most valid method is to
obtain tissue samples from patients to study IncRNAs; however, there is a limited supply of these tissues from
patients, let alone healthy individuals “8l471[148] Therefore, the study of InNcRNAs in AF are increasingly dependent
on human pluripotent stem cell (hPSC)-derived atrial cardiomyocytes, which allows both large-scale experiments

and genetic manipulation (Figure 1).

Figure 1. Studying function and mechanism of IncRNAs in human pluripotent stem cell-based atrial fibrillation

models.

3.1. Differentiation and Characterization of hPSC-Derived Atrial Cardiomyocytes

Recent advances in atrial lineage differentiation of pluripotent stem cells has allowed the culture of pure and
functional atrial myocytes to model AF (4242143144150 7heng et al. showed that exogenous activation of retinoic
acid (RA) signaling in differentiating human embryonic stem cells (hESCs) promoted an atrial phenotype as
assessed by action potential characteristics and Ca?* handling. Conversely, inhibition of RA signaling promoted a
more ventricular differentiation program. Later, Cyganek et al. further examined the molecular, cellular, and
functional properties of hiPSC-derived atrial and ventricular cardiomyocytes by manipulating RA signaling in plated
cells and in engineered heart muscle (EHM). By studying cell structure, action potentials, calcium fluctuations, and
the transcriptome/proteome as well as contractile characteristics of EHM, they showed that the RA-dependent
differentiation of hiPSC-CMs produced functionally relevant cells to model human atrial diseases. Alternatively,
atrial differentiation of hESCs by a bone morphogenic protein antagonist, GREMLIN 2 (GREM 2), also caused
atrial differentiation of mouse ESCs 1l: however, this method has not been validated in human ESCs despite the
role of GREM2 in heart development being conserved between species 2. Overall, these findings suggest that

hPSC-derived atrial cardiomyocytes are suitable for atrial disease modeling and drug screening.

3.2. Disease Modeling of AF Using hPSCs

The development of atrial differentiation methods has allowed modeling of, and drug screening for, AF. For
example, Laksman et al. 53 generated an AF model from hESC-derived atrial cardiomyocytes by RA activation
during mesodermal differentiation. They performed optical mapping on atrial cell sheets, induced AF by rapid
pacing protocol or burst pacing, and successfully showed AP propagation and reentry patterns similar to those
observed in AF. Importantly, their drug testing with flecainide and dofetilide modulated reentrant arrhythmic rotor
activation toward a non-AF phenotype, underscoring the reliability of these drugs in AF treatment. In a recent study
by Benzoni et al. B4, a familial form of AF was modeled using patient-derived iPSC-CMs. They generated several

hiPSC cell lines from patients with a persistent, untreatable AF that were not responsive to anti-arrhythmic drugs.
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To identify mutations in those patients, they performed whole exome sequencing and found more than 100
variations between three AF patients, of which only a few were related to genes previously linked with AF (ZFHX3)
or the heart (PDE4DIP, CNN2, RYR3, NEFM, FLNC, and MYLK). Because of the complexity of AF in these
patients, they decided to investigate the molecular mechanisms of AF in hiPSC-derived atrial cardiomyocytes.
Functional characterization by electrophysiology analyses revealed higher beating rates due to the increased
contribution of hyperpolarization activated pacemaker current (I) and L-type Ca?* channel current (Ic,.) in patient-
derived cardiomyocytes compared to healthy, control cells. Also, patient iPSC-CMs showed a significantly
prolonged APD, and under cardiac stress, larger amplitudes of delayed after-depolarization (DAD) with more
frequent ectopic beats than in control iPSC-CMs.

Hong et al. B3 also developed an AF model using patient-derived iPSCs to characterize the electrophysiological
properties of a known familial AF linked with an E428K mutation on SCN5A (sodium voltage-gated alpha subunit
5). Atrial iPSC-CMs with this mutation showed an increased window for the late sodium current (Iy, ), increased
beating rate, prolonged APD, and spontaneous arrhythmogenic activity. Interestingly, ranolazine treatment

reversed the abnormal phenotypes in mutant atrial iPSC-CMs.

The above examples prove that hPSC-derived cardiomyocytes might be a helpful resource to study the function of
coding or non-coding genes in AF. Although differential gene expression analyses in human atrial tissue from AF
patients identified potential INcRNAs involved in AF, those studies did not fully elucidate the role of IncRNAs in the
development of this disease and did not determine the molecular mechanisms underlying AF. Additionally, the
limited conservation of INCRNAs between species and the variability of atrial electrophysiology and cardiac
anatomy have not allowed comprehensive studies of many INCRNAs in AF, thus, limiting the translational potential
of animal models. Therefore, hPSCs may offer a reliable resource to identify early mechanisms and substrates of

AF, in particular, those controlled by INncCRNAs.

3.3. Use of hPSCs for the Study of LncRNASs in AF

To date, there is a lack of reports describing the use of hPSC-CMs to study the role of IncRNAs in the development
of AF; however, there are some studies that employ iPSCs to identify the molecular mechanisms of IncRNAs,

which are either directly or indirectly related to AF pathogenesis.

Heart Brake LncRNA 1 (IncRNA-HBL1) was initially described in human iPSCs by Liu et al. [135] in cardiomyocyte
development. LncRNA-HBL1 overexpression suppressed cardiac differentiation of iPSCs by sequestering hsa-
miR-1, an essential cardiac enriched miRNA. Although this study was not directly linked to AF, previous findings
showed the importance of miR-1 in AF development. miR-1 levels were reduced in the left atrium of AF patients,
resulting in increased inward rectifier potassium channel (Kir2.1) B8 and miR-1 was found to accelerate shortening
of the atrial effective refractory period (AERP) in a rabbit model, resulting in increased AF susceptibility by down-
regulation of KCNE1 and KCNB2 B4, These findings suggest that IncRNA-HBL1 might have a role in AF

development via regulation of miR1.
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NPPA-AS1 has been shown to play a role in AF via modulation of atrial contractile genes . Celik et al. 58 studied

the molecular mechanism of this INcRNA in iPSC-derived cardiomyocytes (iPSC-CMs), which contained a mixture

of atrial, ventricular, and nodal CMs. They found that NPPA-AS1 was localized to the nucleus in iPSC-CMs. They

also showed that NPPA-AS1, which is highly enriched in atrial tissue, negatively regulated NPPA expression by

enhancing binding of the RE1-silencing transcription factor (REST) to the NPPA promoter, resulting in suppression

of NPPA gene expression. NPPA-AS1 expression levels were relatively lower compared to NPPA levels in human

atrial heart tissue, suggesting that its mode of action is limited to promoter activation, but not dimer formation with

NPPA mRNAs. To evaluate the therapeutic potential of NPPA-AS1 inhibition, they tested antisense oligonucleotides

(GapmeRs) in mouse hearts and showed that NPPA-ASL1 silencing increased expression levels of Nppa. These

observations suggest that NPPA-AS1 might be a therapeutic target to regulate NPPA expression in various heart

disease conditions, including AF.
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