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Abstract

The initial identification of long non-coding RNA myocardial infarction associated transcript (MIAT) as a genetic risk fac-
tor of myocardial infarction has made this IncRNA (designated as IncR-MIAT here) a focus of intensive studies worldwide.
Emerging evidence supports that IncR-MIAT is susceptible in its expression to multiple deleterious factors like angiotensin
I1, isoproterenol, hypoxia, and infection and is anomaly overexpressed in serum, plasma, blood cells and myocardial tissues
under a variety of cardiovascular conditions including myocardial infarction, cardiac hypertrophy, diabetic cardiomyopa-
thy, dilated cardiomyopathy, sepsis cardiomyopathy, atrial fibrillation and microvascular dysfunction. Experimental results
consistently demonstrated that upregulation of IncR-MIAT plays active roles in the pathological processes of the cardio-
vascular system and knockdown of this IncRNA effectively ameliorates the adverse conditions. The available data revealed
that IncR-MIAT acts through multiple mechanisms such as competitive endogenous RNA, natural antisense RNA and RNA/
protein interactions. Moreover, the functional domains of IncR-MIAT accounting for certain specific cellular functions of
the full-length transcript have been identified and characterized. These insights will not only tremendously advance our
understanding of IncRNA biology and pathophysiology, but also offer good opportunities for more innovative and precise
design of agents that have the potential to be developed into new drugs for better therapy of cardiovascular diseases (CVDs)
in the future. Herein, we provide an overview of IncR-MIAT, focusing on its roles in cardiovascular diseases, underline the
unique cellular/molecular mechanisms for its actions, and speculate the perspectives about the translational studies on the
potential diagnostic and therapeutic applications of IncR-MIAT.
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Introduction in regulating the expression of protein-coding genes. Long
non-coding RNAs (IncRNAs or IncRs) belong to one of
the ncRNA superfamily. This recently discovered class of
regulatory RNAs has magnetized tremendous attention from
scientists worldwide and become a focus in the field of bio-
medical research owing to their widespread distributions in
organisms and diverse functionalities in cells. Character-
ized by their sequence diversity (ranging from 200 bp to
10 kb), expression abundance, nuclear location, and minimal

protein-coding capability, IncRNAs form a complex gene

Recent advances in the genome-wide analysis have revealed
that only ~ 1.5% of the genome encodes proteins, and the
major portion (>66%) is actively transcribed into noncod-
ing RNAs (ncRNAs) that have important functional roles
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expression regulatory network orchestrating cellular pheno-
typic plasticity [1]. In line with their diversity in sequence
and functionality, IncRNAs act by diverse mechanisms at
different levels such as transcriptional regulation, chroma-
tin organization, and post-transcriptional control [2]. While
only a limited number of IncRNAs have been studied, accu-
mulating evidence proves that IncRNAs interact with a large
plethora of proteins involving a wide variety of human dis-
eases including cardiovascular disease (CVD) [3-10].
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Among these IncRNAs identified to be associated with
CVD [11], myocardial infarction associated transcript (IncR-
MIAT) was found to confer risk of myocardial infarction
(MI) upon its upregulation by the single nucleotide poly-
morphism (SNP) and to predict left ventricular dysfunc-
tion in acute MI (AMI) [12]. A subsequent study indicates
MIAT expression level is a significant univariate predictor of
left ventricular dysfunction in patients with AMI [13]. The
involvement of IncR-MIAT in the pathological angiogenesis
through regulating retinal microvascular function in the set-
ting of diabetes mellitus (DM) was demonstrated [14]. The
role of IncR-MIAT in regulating cardiac hypertrophy (CH)
was then documented [15]. Our research group reported that
IncR-MIAT acts as a competing endogenous RNA (ceRNA)
to promote cardiac fibrosis in post-infarct myocardium [16].
LncR-MIAT was also found to be involved in the pathogen-
esis of diabetic cardiomyopathy [17]. These initial semi-
nal studies represent one of the milestones in the field of
research on IncRNA and CVDs, and also aroused tremen-
dous research interest in IncR-MIAT from scientists world-
wide. To date, emerging data have shown that this IncRNA
plays crucial roles in a wide range of CVD, including MI,
CH, cardiomyopathy, atrial fibrillation (AF), and other con-
ditions. The findings have not only advanced our understand-
ing of the molecular function and pathophysiological roles
of IncRNAs, but also provided us with novel insights and
therapeutic targets for CVDs. Most notably, the published
studies conducted in either animal models or patients with
CVDs all point to a consistent conclusion that IncR-MIAT is
a CVD-promoting IncRNA, thereby being a potential novel
molecular target for the treatment of various CVDs.

In this review, we present the cellular function and patho-
physiological roles of IncRNA in CVDs, its underlying cel-
lular/molecular mechanisms, and the clinical implications
and translational perspective of this IncRNA as a potential
therapeutic target for the treatment of CVDs with critical
analysis and summary of the most updated studies relevant
to IncR-MIAT.

Identification and characterization
of IncR-MIAT

Identification of IncR-MIAT

The first research associating IncR-MIAT with myocardial
infarction was published as early as 2006 by Ishii et al. [12].
In this study, Ishii et al. enrolled 188 Japanese individuals
with MI and 752 general Japanese populations by multi-
plex PCR method for detecting 52,608 gene-based SNPs,
to investigate whether genetic variants were associated with
MI. From this screening, they found one SNP (rs2301523)
in gene FLI25967 showed the most significant susceptibility
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to MI (P=0.0006). A subsequent case—control association
study from the same group by genotyping 3464 MI patients
and 3819 control subjects confirmed the association of the
SNP/rs2301523 with MI after excluding the other SNPs
located at the same haplotype block [12]. Moreover, the
authors also investigated the association between genotype
information of MI patients and clinical profiles consisting
of smoking, hypertension, sex, diabetes, age, and hyperlipi-
demia and found no positive association for each of these
factors. These results prompted them to postulate that SNP/
rs2301523 is directly related to the pathogenesis of MI.

To identify the full-length gene containing SNP/
rs2301523 and its open reading frame, the authors went on
to carry out 5'- and 3'-RACE experiments and obtained four
splicing variant cDNAs: AB263414, AB263415, AB263416,
and AB263417 (GenBank Accession number). Yet, none
of the four transcripts was found to have a long ORF, sug-
gesting it a non-protein coding gene. To verify this notion,
they conducted an in vitro translation assay and detected no
translated product from any of the four cDNA sequences,
indicating this gene encodes a functional RNA. Further-
more, they also excluded it from miRNA precursor because
it did not contain a possible hairpin structure. Based upon all
these results, the authors believed it a novel gene and desig-
nated it MIAT for myocardial infarction associated transcript
(MIAT) as it provides the genetic risk of MI.

We now know that MIAT is a member of the IncRNA
family belonging to the ncRNA superfamily. Herein, we coin
it IncR-MIAT for the sake of convenience and clarity. This
IncRNA is also known as RNCR2 or Gomafu.

Characteristics of IncR-MIAT

LncR-MIAT is around 10-kb long polyadenylated transcripts
containing seven exons, and it could produce more than 10
isoforms by alternative splicing [18]. Unlike most of the
other IncRNAs, IncR-MIAT is evolutionarily conserved
from mammals to amphibians [19, 20]. The largest exon of
orthologous genes all contains multiple tandem UACUAAC
repeats (58 repeats in each transcript) [19], which include
the ACUAAY consensus recognition site for Quaking, a
well-known RNA binding protein that regulates RNA stabil-
ity [21]. In addition, IncR-MIAT is primarily and abundantly
expressed in the nervous system (particularly in fetal brain)
and retina [18, 19]. In neuronal cells, it is a nuclear-located
IncRNA which is tightly associated with the nuclear matrix.
The transcripts are distributed throughout the nucleus and
display a punctate pattern with no overlapping to the mark-
ers of known nuclear bodies.

Northern blot analysis revealed that in addition to brain,
IncR-MIAT is also appreciably expressed spleen, lung, and
peripheral blood leukocyte [12], but nearly null in heart,
although quantitative PCR analysis demonstrated a moderate
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expression level of this IncRNA in blood cells and myocar-
dium [13, 22].

LncR-MIAT as a risk factor and biomarker
for cardiovascular disease

LncR-MIAT and Ml

Though the original work by Ishii [12] established the asso-
ciation of IncR-MIAT with the pathogenesis of MI lays the
groundwork for subsequent studies on this IncRNA, it does
not provide a causal link between IncR-MIAT and MI but
left some unanswered questions. One of these questions is
whether and how the expression of IncR-MIAT is altered in
the setting of MI or other CVDs. Another important question
is how IncR-MIAT constitutes a risk factor for MI or how it
affects cardiovascular function.

Intriguingly, the initial work of Ishii et al. published in
2006 [12] did not raise close attention and major interest
in the role of IncR-MIAT on CVDs, presumably because
then IncRNAs were not yet a hot spot for research. Not
until 8 years later in 2014, Vausort et al. [13] evaluated
the expression levels of 5 IncRNAs including IncR-MIAT
using the PCR technology in peripheral blood cells iso-
lated from 414 AMI patients. The authors found that 274
patients with ST-segment-elevation MI (STEMI) had lower
levels of IncR-MIAT compared to 140 patients with non-
ST-segment-elevation MI (NSTEMI). Moreover, IncR-
MIAT appears to be a significant univariable predictor of
left ventricular (LV) dysfunction as assessed by an ejection
fraction (EF) <40% at 4-month follow-up. However, this
prediction capacity of IncR-MIAT gets lost in multivariate
analysis. While this study suggests the potential value of
IncR-MIAT as a predictor of LV dysfunction, interpretation
of the results is not straightforward because of the follow-
ing two issues. First, the difference in IncR-MIAT levels
between STEMI and NSTEMI is mild though statistically
very significant and the expression has apparent intergroup
overlaps rendering the difference insufficiently discrete. Sec-
ond, changes of IncR-MIAT in peripheral blood cells are
likely independent of changes in cardiac cells and therefore,
do not reflect ischemic myocardial injuries, as the former
may have entirely different regulatory mechanism for IncR-
MIAT expression from the latter.

In a separate study published in 2016, similar under-
expression of IncR-MIAT in STEMI relative to NSTEMI
was observed in platelets from 32 patients with AMI using
the RNA-seq technology [23]. The major weakness of this
study is the small sample size despite the result is in line
with that reported by Vausort et al. [13].

With the aforementioned studies, it remained unclear
whether IncR-MIAT can be used as a biomarker for AMI.

To resolve this issue, Azat et al. [22] measured the plasma
levels of IncR-MIAT using quantitative PCR analysis with
the samples drawn from 58 acute STEMI patients and
50 patients with unstable angina for control. The results
revealed a threefold increase of IncR-MIAT in acute STEMI
patients relative to that in control patients. More importantly,
the increase began as early as within 3 h of the onset of
ischemic symptoms and reached a peak level at 6 h, indicat-
ing IncR-MIAT a more effective biomarker than cTnT and
CK-MB. Similarly, IncR-MIAT is remarkably upregulated in
AMI rats and hypoxic cardiomyocytes. This study is the first
to establish that IncR-MIAT may act as a novel biomarker
for diagnosing AMI with evidence from both humans and
experimental animals and from both in vivo/ex vivo and
in vitro analyses. Yet, it falls short in the small sample size
too.

Another similar study assessed the possibility of periph-
eral blood mononuclear cells (PBMC)-derived IncRNAs as
biomarkers for AMI by measuring the expression levels of
10 IncRNAs known to be associated with CVDs, in PBMC
samples from 132 AMI patients and 104 healthy controls
using quantitative RT-PCR [24]. The report shows that the
expression level of IncR-MIAT is significantly higher in
patients than in controls. However, while the correlation
analysis fails to link IncR-MIAT to the conventional cardiac
biomarkers including troponin T, CK and CKMB, it is found
negatively correlated with cardiac EF and Genisini score, an
intensity index for coronary artery disease (CAD), in line
with the previously published work [12, 13].

LncR-MIAT and coronary artery disease (CAD)

The study reported by Tan et al. [25] aimed to reveal the
clinical significance of IncR-MIAT expression in predicting
CAD. To this end, the investigators assessed the serum level
of IncR-MIAT, tumor necrosis factor-oo (TNF-a) as well as
interleukin-6 (IL-6) in 102 CAD patients and 89 healthy
controls, the results showed that the expression of IncR-
MIAT is around threefold higher in CAD patients than in
healthy donors. Linear correlation analysis revealed a posi-
tive correlation between IncR-MIAT, IL-6 and TNF-a in
CAD. In addition, multivariate analysis indicates that except
for hypertension, diabetes, and HDL-C, serum IncR-MIAT
is also an independent risk factor for CAD. With these find-
ings, the authors concluded that serum IncR-MIAT might be
a biomarker for diagnosis and prognosis of CAD. Yet, the
potential association of serum IncR-MIAT with the coronary
risk factors such as hypertension, hyperlipidemia, diabetes,
sex, and age were not analyzed in this study.

This notion was supported and extended by Toraih et al.
[26] who determined the circulating level of IncR-MIAT
in 110 stable CAD patients and 117 control volunteers
by qPCR and correlated its expression with both clinical
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and laboratory data. Their results showed that the median
IncR-MIAT level in patients is impressively 12-fold higher
than in controls. These findings prompted the authors to
propose that IncR-MIAT has a diagnostic significance in
CAD patients. In this study, the investigators also excluded
the diagnostic value of another IncRNA MALATI as the
change of its level is not sufficiently reliable to have clinical
applications.

LncR-MIAT and ischemic stroke (IS)

IS, also referred to as brain (cerebral) ischemia, is the most
common form of stroke, accounting for more than 80% of all
cases. In the study presented by Zhu et al. [27], IncR-MIAT
expression level was found greatly upregulated in periph-
eral blood leukocytes of 189 IS patients, compared with 189
healthy controls. And this increase is tightly correlated with
NIHSS scores, mRS, high-sensitivity C-reactive protein, as
well as infarct volume in IS patients. Strikingly, the overall
survival analysis unraveled that IS patients who have higher
IncR-MIAT expression levels have poorer prognosis than
those with lower levels of this IncRNA. Furthermore, mul-
tivariate analysis and ROC curves prove that IncR-MIAT
could discriminate IS patients from healthy controls with
high sensitivity and specificity. These results led the investi-
gator to conclude that IncR-MIAT could be a potential diag-
nostic and prognostic biomarker of IS.

LncR-MIAT and diabetic cardiomyopathy
de Gonzalo-Calvo et al. [28] evaluated the potential of cir-

culating IncRNAs as indicators of subclinical cardiac abnor-
malities in type 2 diabetes mellitus (T2DM). 48 patients with

T2DM and 12 healthy volunteers participated in the study.
The investigators detected the expression of several selected
IncRNAs in serum by RT-PCR and also measured left ven-
tricular (LV) parameters, the results showed no difference in
the expression levels of these IncRNAs between patients and
healthy controls. However, in patients with T2DM, IncR-
MIAT level is directly related to LV mass to LV end-dias-
tolic volume ratio, an indicator of cardiac remodeling, and
was further validated in 30 well-controlled T2DM patients.
Based on these findings, they concluded that IncR-MIAT is
one of the independent IncRNA predictors of diastolic func-
tion and remodeling in patients with T2DM. Apparently, the
same weakness of the small sample size applies to this study.

The presently available studies, though still relatively
scarce and bearing some weaknesses and controversies, have
provided promising and encouraging evidence in support
of the value of IncR-MIAT as a biomarker and/or predic-
tor for MI, CAD and IS (Table 1). The consistent finding
is significant upregulation of IncR-MIAT in blood samples
of either blood cells or serum or plasma. These pioneering
works merit further investigations with a larger sample size
and better-controlled criteria for inclusion of patients and
controls for scrutinizing issue.

LncR-MIAT and myocardial infarction (Ml)

MI is a global health epidemic that predisposes to heart
failure (HF) and sudden cardiac death (SCD) due to lethal
arrhythmias [29]. Despite that the advances over the past
decades in the secondary treatment of MI have helped alle-
viation of symptoms and even improvement of survival;
none can reverse the pathological process, leaving the cure

Table 1 LncR-MIAT as a risk factor and biomarker for cardiovascular disease

CVD type  Number of cases Source of sample Technology Expression alteration References
MI 414 patients (274 STEMI vs.  Peripheral blood cells Quantitative PCR Lower in STEMI patients [13]
140 NSTEMI)
32 patients (16 STEMI vs. 16  Platelets RNA-seq Lower in STEMI patients [23]
NSTEMI)
108 patients (58 STEMI vs. Plasma Quantitative RT-PCR threefold increase in STEMI  [22]
50 unstable angina) patients
132 AMI patients vs. 104 Peripheral blood mononuclear Quantitative RT-PCR Higher in AMI patients [24]
healthy controls cells
CAD 102 CAD patients vs. 89 Serum Quantitative RT-PCR threefold higher in CAD [25]
healthy controls patients
110 stable CAD patients and  Peripheral blood cells Quantitative RT-PCR  12-fold higher in CAD [26]
117 control volunteers patients
IS 189 IS patients vs. 189 peripheral blood leukocytes  Quantitative RT-PCR Higher in IS patients [27]
healthy controls
Diabetic 48 T2DM vs. 12 healthy Serum Quantitative RT-PCR No differences [28]
cardiomy-  controls
opathy
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a major unmet medical need. MI is a metabolic catastrophe
characterized by deprivation of oxygen and nutrients to the
high energy-demanding cardiomyocytes and overproduction
of reactive oxygen species (ROS) and other harmful metabo-
lites [30, 31]. MI provokes a cascade of long-term changes
termed remodeling processes, beginning with adaptive cyto-
protection but ending up with maladaptive deterioration. MI
is accompanied by several key cellular processes such as
cardiomyocyte apoptosis, cardiac fibrosis, and inflammatory
response, and its progress is also regulated by a variety of
factors including IncRNAs.

Alterations of IncR-MIAT level in blood documented by
the studies described above, particularly with the results
obtained from the case—control association study with
genome-wide SNP analysis and animal models of MI,
strongly insinuate the possible functional roles of IncR-
MIAT in the heart. Whilst the very first study, Ishii et al.
isolated the full-length sequence of IncR-MIAT and estab-
lished its association with MI [12], what precise role that
MIAT takes part in the pathogenesis of MI and how exactly
MIAT takes its actions have not been experimentally studied.
Not until 2017 with an 11 years lag, the first experimental
study on the role of this IncRNA came from our research
group [16]. In this work, we identified IncR-MIAT as a pro-
fibrotic IncRNA governing cardiac fibrosis in a mouse model
of MI. Our study was thereafter followed by rapid increases
in the number of studies focusing on the functional aspect of
IncR-MIAT in other CVDs. In the setting of MI, IncR-MIAT
is best characterized as a key regulator of apoptosis, fibrosis
and inflammation. Therefore, in this section, we focus on
these findings.

Pro-apoptotic property of IncR-MIAT

It is known that apoptosis, a form of programmed cell death,
is one of the central events in response to the metabolic dis-
turbances in MI, such as insufficient energy supply and oxi-
dative stress, which damages cardiac function and structural
integrity of myocardium in MI, and cytoprotection against
apoptosis has long been considered a strategy for the man-
agement of MI [32, 33]. The cell death initiates the adverse
structural remodeling process of the heart because the adult
mammalian cardiomyocytes have a rather limited ability to
regenerate themselves after injury. Better understanding of
cardiac cell death is therefore of paramount importance for
tackling the cardiac problems associated with cell death.

In the study aiming to evaluate IncR-MIAT as a biomarker
of AMI as already described above [22], the group also
examined the cellular function of this IncRNA in cultured
neonatal rat cardiomyocytes. Their results from TUNEL
assay exhibited that knockdown of IncR-MIAT by RNAi
technology significantly inhibits cardiomyocyte apoptosis.
They subsequently demonstrated that silencing IncR-MIAT

significantly decreases the expression of Bax and increases
the expression of Bcl2; however, how it affects the expres-
sion of these proteins was not assessed in this study.

Chen et al. described similar results in their study con-
ducted in a mouse model of myocardial ischemia and rep-
erfusion injury (myocardial I/R injury) and a HOC2 cell
model of hypoxia/reoxygenation (H/R) [34]. Specifically,
knockdown of IncR-MIAT by virus-mediated short-hairpin
RNA technology was found to decrease LDH release and
myocardial infarct size, and also improve the cardiac func-
tion with partial restoration of reduced EF and fractional
shortening (FS). These beneficial effects of IncR-MIAT
knockdown are accompanied by enhanced cardiomyocyte
viability and diminished caspase 3/7 activities at the cellular
level, indicating a cytoprotective effect against apoptosis.
The investigators then went further to delineate the sign-
aling mechanisms and observed that targeting IncR-MIAT
blocks p65 nuclear translocation, mitigates the protein lev-
els of NF-kB/p65, p53 upregulated modulator of apoptosis
(PUMA), cleaved caspase-3, and pro-apoptotic protein Bax,
while elevates the anti-apoptotic protein Bcl-2. These find-
ings suggest that silencing IncR-MIAT alleviates H9¢2 car-
diomyoblast H/R in vitro and myocardial I/R injuries in vivo
by inhibiting apoptosis through suppressing the NF-kB and
PUMA signal pathway. Whilst this is a quite comprehensive
research, a missing link is how IncR-MIAT could possibly
elicit all the detrimental effects on cardiac injuries and regu-
late the expression of multiple signaling molecules and how
exactly it does all these jobs.

In an effort to decipher the mechanism by which catechin,
a bioactive polyphenol extracted from green tea, produces
cytoprotection against apoptosis in a H9C2 cell model of
H/R injury and a rat model of myocardial I/R injury, Cong
et al. found that catechin improves cardiac function, inhibit
apoptosis and meanwhile downregulates IncR-MIAT tran-
scripts in myocardium [35]. The beneficial action of cat-
echin at the cellular level can be abrogated by transfection of
IncR-MIAT-overexpressing plasmid. These authors further
identified transcription factor CREB as a negative regulator
of IncR-MIAT expression. Moreover, IncR-MIAT inhibits
Akt/Gsk-3f activation and promotes apoptosis in H9C2
cells. Similar to the study by Chen et al. [34] introduced
above, the mechanistic link is missing on how IncR-MIAT
regulates Akt/Gsk-3p activation.

These three reports confirm the pro-apoptotic property
of IncR-MIAT with the first two using loss-of-function
approaches and the latter with a gain-of-function strat-
egy. The results advanced our understanding of the cellu-
lar function of IncR-MIAT that underlies at least partially
the increased risk of MI associated with the presence of
IncR-MIAT. Unfortunately, none of these studies provides
mechanistic insight into the link between IncR-MIAT and
the downstream effectors modulated by this IncRNA, nor
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do they look into the possible expression deregulation of
IncR-MIAT in ischemic myocardium. To solve these issues,
we conducted a research in MI mice created by occluded the
left descending coronary artery and in neonatal mouse ven-
tricular cardiomyocytes (NMVCs) cultured under hypoxic
conditions to simulate MI.

One of the problems of infarcted myocardium is reduced
supply of and relatively increased demand for energy. Mito-
chondria are cellular organelles serving as the powerhouse
of cells, which through oxidative phosphorylation produce
more than 95% of the energy for cardiac cells under normal
physiological conditions. Mitochondrial dysfunction is an
important hallmark of multiple cardiovascular disorders,
particularly ischemic heart disease [36—38]. Mitochondrial
function is critically and delicately determined by its mem-
brane integrity for maintaining the appropriate membrane
potential (AY,,). Normal AW, is required for many proteins
that are anchored in the mitochondrial membrane to func-
tion normally, of which the translocator protein (TSPO) that
spans the inner and outer mitochondrial membranes is highly
expressed in the cardiac cells, has been found to play a key
role in regulating mitochondrial function through modulat-
ing the mitochondrial membrane potential [39—42]. In addi-
tion to the well-known mitochondrial death pathway regu-
lated by Bcl-2 and Bax proteins [43], TSPO has also been
found to participate in determining cell survival and death
pathways. Particularly, deregulation of TSPO can cause
mitochondrial AY , disruption leading to apoptosis [44, 45].

Our experimental results from PCR quantification dem-
onstrated that IncR-MIAT was enormously upregulated
(fivefold increase) in myocardium MI mice and in hypoxic
NMVCs (threefold increase) as well [46]. Experimental
knockdown of IncR-MIAT by lentivirus-mediated RNAi
tremendously improved cardiac function and inhibited car-
diomyocyte apoptosis in MI. At the molecular levels, IncR-
MIAT positively regulated TPSO expression and interacted
directly with TSPO to induce opening of mitochondrial per-
meability transition pore (mPTP), resulting in a decrease of
mitochondrial membrane potential with declined AY  and
eventually leading to apoptosis. Knockdown of IncR-MIAT
mitigated all these deleterious alterations.

Furthermore, we identified a 226-nt region that is homol-
ogous among the four variants of Homo sapiens IncR-MIAT
(Accession: NR_003491.3, NR_033319.2, NR_033320.2
and NR_033321.2) and conserved between human
sequences and one Mus musculus IncR-MIAT sequence
(Accession: NR_033657.1), we named this fragment the
functional domain of IncR-MIAT (MIAT-FD for abbrevia-
tion), and further experimentally validated it reproduced the
deleterious effects of full-length IncR-MIAT to bind TSPO
and induce cardiomyocyte apoptosis.

The present study revealed a new cellular function of
IncR-MIAT as a pro-apoptotic IncRNA in the setting of MI.
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One of the important findings of this work is the short stretch
of IncR-MIAT encompassing the TSPO binding motif, that
is, MIAT-FD, is sufficient to replace full-length IncR-MIAT
to perform corresponding functions, another potential impli-
cation of this study is that knockdown of IncR-MIAT offered
remarkable amelioration of myocardial injuries, suggesting
the possibility of IncR-MIAT as a molecular target for the
development of new strategies for MI treatment.

Pro-fibrotic property of IncR-MIAT

Cell death in AMI initiates the structural remodeling if the
heart with enhanced cardiac fibrogenesis to fill the intramyo-
cardial gaps left. Cardiac fibrosis is a pathological process
characterized by abnormal accumulation and excessive
deposition of extracellular matrix (ECM) [47-49]. Gen-
eration of ECM is a repair response after cell death, which
initially brings about benefit for protecting the relative integ-
rity of the heart, but eventually leads to cardiac pathological
remodeling.

In one of our published studies [16], we found that IncR-
MIAT is remarkably upregulated in MI heart and isolated
cardiac fibroblasts treated with serum or angiotensin II
(AnglI), meanwhile, there is an accumulation of cardiac
interstitial fibrosis in a mouse model of MI, which was
later reproduced in our recent study [46]. Masson trichrome
staining revealed that knocking down IncR-MIAT mark-
edly reduces the infarct size in MI mice compared with the
control group, along with pronounced decreases in the pro-
tein levels of collagens I and III in peri-infarct area of MI
mice. The upregulation of IncR-MIAT is accompanied by
abnormal upregulation of several fibrosis-related regulators
including Furin and TGF-p1, whereas knockdown of IncR-
MIAT by its siRNA corrects this deregulation.

Furthermore, MI downregulates miR-24 in the heart
and cardiac fibroblasts, whereas knockdown of IncR-MIAT
upregulates it. Luciferase reporter gene assay supports
the direct interaction between IncR-MIAT and miR-24.
We experimentally established Furin, an activating factor
of TGF-fB1, as a target gene for miR-24. Furin suppresses
fibroblast proliferation and collagen production. All these
data revealed that there is a new pathway regulating cardiac
fibrosis: MI — IncR-MIAT? — miR-24 | — Furin/TGF-§
11 — cardiac fibrosis?.

Our study therefore identifies IncR-MIAT as a pro-
fibrotic IncRNA by acting as a ceRNA of miR-24 to
derepress Furin that in turn activates TGF-$1, leading
to fibrogenesis. Together with its pro-apoptotic effect as
described above, it is possible that aberrant upregulation
of IncR-MIAT in MI induces cardiomyocyte apoptosis and
then stimulates fibrosis to compensate for the loss of car-
diac cells; nevertheless it does so overly to cause excessive
fibrosis exaggerating MI injuries. These findings advocate
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the potential of IncR-MIAT as a biomarker for cardiac
fibrosis. Nonetheless, a question that remains unanswered
is how IncR-MIAT produces the opposite actions on differ-
ent cell types: promoting death of cardiac cells but growth
of cardiac fibroblasts. This notion is worthy of future stud-
ies for clarification.

A recent study generated the data in support of the
fibrosis-promoting property of IncR-MIAT [50]. This study
aimed to delineate the mechanism for the increased cardiac
fibrosis in the offspring heart with perinatal exposure to
nicotine in a well-established rat model and cultured pri-
mary neonatal rat cardiac fibroblasts. These authors first
demonstrated that perinatal nicotine exposure causes sig-
nificant deposition of collagens I and III and concomitant
increase in IncR-MIAT along with the decrease in miR-29
family in offspring heart. This fibrogenesis is reversed by
miR-29 overexpression. Experimental knockdown of IncR-
MIAT upregulates miR-29 family and decreases the levels
of collagens I and III, suggesting nicotine-induced exces-
sive collagen deposition in offspring heart is mediated by
IncR-MIAT which acts as a sponge or ceRNA on miR-29.

Pro-inflammatory property of IncR-MIAT

A recent study reported by Xing et al. [51] demonstrated
that IncR-MIAT plays an important role in oxidative
stress and inflammation during the septic cardiomyopa-
thy. Despite that this work was not performed in a MI
model, the results have profound implications in MI. This
is because inflammation is one of the driving forces for the
pathogenesis of atherosclerosis, affecting the MI size and
clearing cellular debris thereby recovery from MI inju-
ries [52]. Dysregulation of or persistent pro-inflammatory
response may induce adverse post-MI cardiac remodeling
and major adverse clinical events [53].

The investigators looked into the roles of IncR-MIAT
and miR-330-5p in regulating oxidative stress and inflam-
matory responses in a mouse model of lipopolysaccharide
(LPS, also named endotoxin)-induced septic cardiomyo-
pathy and LPS-stimulated HL-1 cells (a mouse atrial cell
line) as well. They found that in septic mice, IncR-MIAT is
upregulated along with increased levels of pro-inflamma-
tion cytokines; in contrast, miR-330-5p is downregulated.
Knockdown of IncR-MIAT or overexpression of miR-
330-5p suppresses inflammatory reaction induced by LPS
in vitro. Further experiments revealed that IncR-MIAT
could directly interact with miR-330-5p by the ceRNA
mechanism to activate the TRAF6/NF-kB signaling axis,
thereby promoting inflammation response in LPS-induced
septic cardiomyopathy. The results clearly indicate IncR-
MIAT is a pro-inflammatory IncRNA.

LncR-MIAT and cardiac hypertrophy

The involvement of IncR-MIAT in the development of car-
diac hypertrophy (CH) has been demonstrated by several
studies using different animal and cellular models. The
results from these studies all point to a same conclusion
that IncR-MIAT is a pro-hypertrophic growth stimulator
in heart.

The first of these studies was published in 2016 by Zhu
et al. [15], who employed a mouse model of CH stimu-
lated by Angll as well as in vitro model with rat heart-
derived H9c2 cells. They found IncR-MIAT is significantly
increased by 5-6 folds in CH of both animal and cell mod-
els. Silencing of IncR-MIAT by siRNA substantially alle-
viates the upregulation of hypertrophic biomarkers ANP,
BNP and f-MHC in H9c2 cells and markedly attenuates
the increase of the cell surface area and the protein syn-
thesis induced by Angll. Overexpression of IncR-MIAT in
HO9c2 cells downregulates miR-150 expression, whereas
knockdown of IncR-MIAT upregulates it. Moreover,
forced expression of miR-150 inhibits the expression level
of hypertrophic marker genes and suppresses hypertrophic
phenotypes, which is in line with other studies shown the
anti-hypertrophic action of this miRNA [54]. However, the
downstream mediators to miR-150 were not characterized
in this study, and the relationship between IncR-MIAT and
miR-150 was not experimentally established either.

The second investigation on the same topic was docu-
mented by Li et al. [55] who followed up the study by
Zhu et al. [15] with specific research goal to decipher
the underlying mechanism of IncR-MIAT regulates the
development of CH. In this report, IncR-MIAT and miR-
93 showed opposite expression patterns in Angll-treated
cardiomyocytes, with high expression of IncR-MIAT and
low expression of miR-93. The reciprocal alterations of
expression urged the workers to establish the targeting
relationship between IncR-MIAT and miR-93 using the
combination of qPCR, luciferase assay and RNA immu-
noprecipitation (RIP) techniques. Their results verified
IncR-MIAT as a ceRNA of miR-93 and further regulated
the TLR4 expression. Silencing of IncR-MIAT inhibits the
expression levels of hypertrophic marker proteins, accom-
pany with the reduced cell surface area in Angll-treated
cardiomyocytes. Their data therefore indicate that IncR-
MIAT knockdown inhibits cardiac hypertrophy through
the miR-93/TLR4/PI3K/Akt/mTOR pathway.

In another study, the researchers confirmed the pro-
hypertrophic property of IncR-MIAT in a mouse model
of CH stimulated by intraperitoneal isoproterenol (ISO)
and a cellular model of cardiomyocyte hypertrophy with
neonatal rat ventricular myocytes (NRVMs) [56]. Their
results showed an around 4.5-fold increase in IncR-MIAT
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transcripts with ISO stimulation both in vivo and in vitro.
Knockdown of IncR-MIAT decreases the expression lev-
els of hypertrophic marker genes and cell surface area.
They also provided the evidence supporting the ability of
IncR-MIAT to inhibit miR-150 and went further to iden-
tify P300, an acetyltransferase and a transcriptional coac-
tivator that is known to promote cardiac growth thereby
driving CH [57], as a target gene for miR-150. Next, they
established that IncR-MIAT decreases P300 expression via
absorbing miR-150.

Still, another group described their work on evaluating
the effects of berberine, an effective natural supplement
compound extracted from several plants, on CH in a rat
model with constriction of abdominal aorta and HIC2 cells
stimulated with AnglI to induce cardiomyocyte hypertrophy
[58]. They depicted that berberine significantly relives CH
and cardiomyocyte enlargement and expression of hyper-
trophy marker proteins. Most notably, berberine suppresses
the expression of IncR-MIAT in CH. In addition, berber-
ine downregulates phosphorylated mTOR, phosphorylated
AMPK and LC3 and upregulates the autophagy-related
genes. While the authors concluded that berberine exerts
beneficial effects on CH via decreasing IncR-MIAT expres-
sion and enhancing autophagy, they did not provide any link
between IncR-MIAT and autophagy; neither did they eluci-
date how berberine suppresses the expression of IncR-MIAT.

LncR-MIAT and cardiomyopathy

Cardiomyopathy represents a group of heterogeneous dis-
eases that negatively impact cardiac function leading to HF
and sudden death. Cardiomyopathies can be separated into
primary (genetic, acquired, or mixed) and secondary cat-
egories. Primary cardiomyopathies specifically target the
myocardium and may arise from genetic etiology, such as
arrhythmogenic right ventricular cardiomyopathy/dysplasia,
hypertrophic cardiomyopathy and mitochondrial cardiomyo-
pathy or from genetic and acquired mixed etiology like dia-
betic cardiomyopathy, dilated cardiomyopathy (DCM), and
restrictive cardiomyopathy or from acquired etiology like
septic cardiomyopathy (SCM) [59, 60]. Recent studies have
linked IncR-MIAT to a range of cardiomyopathies including
diabetic cardiomyopathy, dilated cardiomyopathy (DCM),
and septic cardiomyopathy (SCM).

Diabetic cardiomyopathy

Diabetic cardiomyopathy is a special type of heart disease
that occurs independently of other heart risk factors, such
as CAD, hypertension, it is caused by insulin resistance,
hyperinsulinemia, and hyperinsulinemia in the cardiac meta-
bolic tissues. The pathophysiological factors contributing to
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the development of diabetic cardiomyopathy cover oxidative
stress, autophagy, inflammation, apoptosis, etc. These meta-
bolic disorders lead to heart remodeling, myocardial fibrosis,
diastolic dysfunction, and eventually heart failure [61, 62].

We have introduced the work by de Gonzalo-Calvo et al.
[28] in an earlier section that in patients with T2DM, IncR-
MIAT level is directly associated with LV mass to LV end-
diastolic volume ratio indicating this IncRNA as an inde-
pendent predictor of diabetic cardiomyopathy. One year after
this study, Zhou et al. [17] presented a functional study with
arat model of diabetic cardiomyopathy stimulated by strep-
tozotocin (type 1 diabetes mellitus) and demonstrated that
IncR-MIAT is upregulated by ~4-times in diabetic heart.
Noticeably, TUNEL assay and Annexin V-FITC/PI staining
showed that IncR-MIAT knockdown by shRNA-carrying
lentivirus reduces cardiomyocyte apoptosis in diabetic rats
and neonatal rat cardiomyocytes incubated with high glu-
cose. Echocardiographic examination generated the results
that silencing IncR-MIAT attenuates hypertrophic responses
with remarkable improvement of LV function. Luciferase
assay and RNA immunoprecipitation assay established IncR-
MIAT as a target of miR-22-3p and DAPK?2 as another direct
target gene for miR-22-3p. Thus, the increase in miR-22-3p
represses the expression of both IncR-MIAT and DAPK2.
Overexpression of IncR-MIAT mediated by pcDNA plasmid
counteracts the repressive effect of miR-22-3p on DAPK2.
These data suggest IncR-MIAT is a pro-apoptotic IncRNA
in the setting of diabetic cardiomyopathy as in MI which
was already described earlier in this review. One apparent
contradiction of this study is that if miR-22-3p can indeed
repress IncR-MIAT at the post-transcriptional level, then
decrease in this IncRNA should weaken its ceRNA action
on miR-22-3p ultimately leading to a loss of IncR-MIAT
function. This point needs to be clarified to ensure the cred-
ibility of the observed results about the relationship between
IncR-MIAT and miR-22-3p.

Dilated cardiomyopathy

Chagas disease is a parasitic infection caused by the proto-
zoan Trypanosoma cruzi [63, 64], it is clinically divided into
acute phase and chronic phase, dilated chronic cardiomyopa-
thy (CCC) is the most severe manifestation of chronic Cha-
gas disease that is characterized by HF, ventricular arrhyth-
mias, heart blocks, thromboembolic phenomena, and sudden
death. The research report by Frade et al. [65] describes
that IncR-MIAT was specifically upregulated on CCC myo-
cardial samples than in idiopathic dilated cardiomyopathy
(DCM) and control subjects, using a whole-transcriptome
analysis. IncR-MIAT level is 3—49 folds greater than that in
control subjects and 2—20-folds higher than in subjects with
DCM. The differential expressions of IncR-MIAT were vali-
dated by quantitative PCR analysis on a larger set of heart
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tissue samples. Furthermore, the overexpression of IncR-
MIAT was also confirmed in myocardial specimens of mice
infected with T. cruzi. The authors believe that IncR-MIAT
is a specific biomarker of CCC and they also hypothesize
that enhanced IncR-MIAT expression in Chagas disease is
related to endothelial dysfunction based upon the recognized
role of this IncRNA in regulating microvascular function and
the pathogenic role of endothelial dysfunction in Chagas
disease. However, the functional analysis for IncR-MIAT on
CCC has not been experimented in this report.

Septic cardiomyopathy

Sepsis, a disorder of the immune and inflammatory response
to infection, constitutes a life-threatening multi-organ fail-
ure [66, 67]. Cardiac dysfunction, also referred to as septic
cardiomyopathy (SCM), is a frequent complication of severe
sepsis, usually manifested as systolic and diastolic dysfunc-
tion associated with worse clinical outcomes. As already
introduced in a previous section, IncR-MIAT promotes
inflammation and oxidative stress in endotoxin-induced
septic cardiomyopathy through targeting the miR-330-5p/
TRAF6/NF-xB axis [51], indicating that in addition to
diabetic cardiomyopathy and DCM, IncR-MIAT is also an
important regulator of SCM.

LncR-MIAT and atrial fibrillation

Atrial fibrillation (AF) is the most common sustained
arrhythmia with high morbidity and mortality. Atrial
remodeling is the basis for the occurrence and mainte-
nance of atrial fibrillation, which is manifested as atrial
electrical remodeling (AER) in the early stage and struc-
tural remodeling in the late stage [68]. AER is caused by
changes in the expression and/or function of cardiac ion
channels, especially the decrease of L-type Ca®* current
(I¢,y) or the increase of inward rectifying K™ current (I,),
or the combination of the two, is the key electrophysi-
ological changes in AER [69-75]. On the one hand, I,
is the main determinant of length of the plateau phase of
cardiac atrial action potential duration (APD), and reduc-
tion of I, density can cause profound APD shortening,
particularly the plateau phase. Reduction of /,; density
in AER may be consequent to either functional decrease
in activities of L-type Ca*" channels (Cav1.2) or expres-
sion downregulation of CACNA1C, the gene encoding
the alc subunit of Cavl.2 that carries I, [70, 72, 74,
75]. On the other hand, Iy, is the principal K* current,
with the function of setting and maintaining the resting
membrane potential, as well as governing the late phase
of repolarization. This current is carried by Kir2 subfam-
ily (Kir2.1, Kir2.2, Kir2.3 and Kir2.4), of which Kir2.1

is the main subunit expressed in myocardium. Significant
increase in Iy, current density has been always detected in
AF [69, 71,73, 75]. Similar to /,; , enhancement of Iy, in
AF can be explained either by functional impairment and
expression abnormality; increased expression of KCNJ2
mRNA and its encoded Kir2.1 protein (which carries car-
diac Iy,) have been reported in AF patients [71, 73, 76,
77]. Taken together all these facts, it is clear that decrease
in I,; and/or increase in [ are causative factors for AER
thereby AF. However, the molecular mechanisms underly-
ing abnormal downregulation of CACNA1C/Cavl.2 and
upregulation of KCNJ2/Kir2.1 remain incompletely under-
stood, which constitutes an obstacle for effective therapy
and clinical management of AF.

Additionally, the development of atrial fibrosis is the
hallmark of structural remodeling in AF and is consid-
ered the substrate for AF perpetuation [78—80]. It is known
pharmacological therapies of AF suffer from poor efficacy
and increased risk of serious complications, especially pro-
arrhythmia in the ventricle. Therefore, a new strategy target-
ing the processes involved in developing the substrate that
supports AF has been recently evolving as a mainstream
research topic and clinical consideration. AF in many clini-
cal settings is characterized by significant atrial fibrosis, and
thus targeting at the fibrotic substrate itself may be more
effective in the management of AF.

An interesting report was published very recently by
Yao et al. [81] demonstrated that expression of IncR-MIAT
was found dramatically increased (around fivefold increase
1 week after AF induction) in atrial tissues of a rat model
of AF induced by rapid electrical pacing on right atrium,
along with a marked decrease of miR-133a-3p. Similarly,
IncR-MIAT is also significantly upregulated whereas the
miR-133a-3p is downregulated in peripheral blood leu-
kocytes from 35 patients with AF relative to that from 30
healthy control volunteers. Knockdown of IncR-MIAT by
lentivirus vector carrying a IncR-MIAT shRNA prolongs
atrial effective refractory period (AERP) and shortens the
duration of AF. Besides, silencing IncR-MIAT effectively
mitigates AF-induced atrial apoptosis and atrial fibrosis
as indicated by reduced the number of atrial myocytes
with TUNEL-positive staining and decreased collagen
deposition in the right atrium uncovered by Mason stain-
ing. Furthermore, knockdown of IncR-MIAT decreases
expression of collagens I and III, TGF-B1 and CTGF in the
right atria of AF rats. These results were contrary to those
of rats with inhibition of miR-133a-3p. The authors then
observed that the beneficial effects of IncR-MIAT down-
regulation on AF are efficiently reversed by miR-133a-3p
antisense inhibitor. Luciferase reporter gene assay verified
miR-133a-3p as a direct target of IncR-MIAT for elicit-
ing its ceRNA action. Their findings established a new
signaling pathway leading to AF: IncR-MIAT? — miR-
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133a-3p| —» CTGF1 — TGF-p17 — collagensT — AFT,
and IncR-MIAT is therefore a pro-AF IncRNA that pro-
motes AF via restricting the functional availability of miR-
133a-3p by the ceRNA mechanism.

While the above-described study touches the structural
remodeling associated with AF, our study focuses on atrial
electrical remodeling (AER) [82]. We found that IncR-
MIAT was significantly downregulated in a mouse model
of AF, Knockdown (KD) of MIAT with lentivirus-mediated
siRNA-transfer increased AF vulnerability in healthy mice.
MIAT-KD decreased the expression of CACNA1c/Cavl.2
and ICaL, increased the expression of KCNJ2/Kir2.1 and
IK1, leading to a shortened APD of cardiomyocytes. Search-
ing for the underlying mechanism, we found that MIAT
could be acted as a ceRNA to absorb miR-135a and then
affect the expression of target gene CACNA1c/Cavl.2 and
ICaL. Meanwhile, MIAT also served as an antisense RNA
(asRNA) [83] to decrease KCNJ2 expression [82]. Further
two distinct functional domains were identified as one is
responsible for absorbing miR-135a and the other for bind-
ing to KCNJ2. Experimentally proved that the two functional
domains could not only well mimic the regulatory effect of
full-length IncR-MIAT, but also reproduce electrical remod-
eling and associated AF susceptibility in mice. Therefore
we speculated that IncR-MIAT might be a vital player in
controlling AF and MIAT replacement might be considered
a potential therapeutic option for AF.

Interestingly, MIAT may be a tissue-specific IncRNA, as
it is significantly upregulated in the ventricle but robustly
downregulated in the atrium. This suggests that there are
probably distinct regulatory mechanisms for IncR-MIAT
expression in the ventricle and atrium to maintain relative
homeostasis between different tissues. Indeed, the work by
Garcia-Padilla et al. unraveled the expression of several
IncRNAs including IncR-MIAT being in different temporal
and tissue-restricted patterns during cardiogenesis and in
adult hearts [84].

It is noted that our findings are in apparent contradiction
to those documented by Yao et al. [81]. We found IncR-
MIAT is downregulated in AF and it elicits anti-AF effect,
whereas Yao et al. identified IncR-MIAT as a pro-AF fac-
tor with its expression upregulated in AF. There could be
several possible explanations for the controversies. First,
the animal models used are different between the two stud-
ies with Yao’s work with rats and ours with mice. Second,
for the measurements of IncR-MIAT levels in humans, Yao
et al. used peripheral blood leukocytes but we used plasma
samples, and there might be cell type-specific regulations of
IncR-MIAT expression. Third, Yao et al. focused on atrial
fibrosis but we aimed to investigate the changes of ion chan-
nels. Forth, Yao et al. determined AF at least 1 week after
AF induction while we did it immediately after AF induction
with pretreatment of IncR-MIAT-related constructs.
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LncR-MIAT and other cardiovascular
conditions

In addition to the results described in previous sections, IncR-
MIAT has also been shown to elicit other effects, e.g. regulat-
ing diabetes mellitus-induced microvascular dysfunction [14]
and being involved in cardiac development [84] and endurance
exercise [85].

A study by Yan et al. [14] investigated the role of IncR-
MIAT in regulating microvascular dysfunction in retinas in
the setting of DM induced by intraperitoneal injection of strep-
tozotocin. Quantitative PCR analysis showed a significantly
higher retinal IncR-MIAT level in DM rats and endothelial
cells incubated in high glucose than in non-DM control ani-
mals and endothelial cells cultured under normal conditions.
Knockdown of IncR-MIAT could not only alleviate visual
function and retinal vascular leakage in vivo, but also affect
retinal microvascular stability in vitro. Besides, they also
found vascular endothelial growth factor (VEGF) was greatly
upregulated in the diabetic retinas, which could be partially
reduced by silencing of IncR-MIAT. Further they proved that
IncR-MIAT could promote VEGF expression by binding with
miR-150-5p, and the IncR-MIAT-miR-150-5p-VEGF regula-
tory loop is essential for endothelial cell function. This study
highlights the importance of IncR-MIAT in pathological
angiogenesis, which bears tremendous therapeutic implica-
tions because deregulated angiogenesis is a critical cause of
diseases, such as atherosclerosis, ocular disorders and cancers
[86].

The involvement of IncR-MIAT in cardiac development was
described by Garcia-Padilla et al. [84] in mice. The authors
found that IncR-MIAT is preferentially expressed in a cham-
ber-specific fashion at embryonic stages and in adult hearts;
specifically, the expression of IncR-MIAT is more prominent
in the ventricular chambers of embryonic hearts and nearly
exclusively in adult hearts. However, this study stays at the
level of expression alterations without going insight into the
functional assessment to elucidate the actual roles of IncRNAs
in cardiac development.

An interesting study conducted in MI male Wistar rats dem-
onstrated that 4 weeks of moderate intensity endurance exer-
cise causes considerable alterations of cardiac function indices
and hemodynamic parameters, myocardial fibrotic areas and
apoptosis, and expression of genes encoding IncRNAs [85].
Endurance exercise significantly reduces the expression of
IncR-MIAT in myocardial tissues of both MI and sham-oper-
ated control rats. However, the implications of such changes
were not evaluated.
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Fig. 1 Cartoon diagram depict-
ing the mechanisms of action of
IncR-MIAT. ceRNA competi-
tive endogenous RNA, asRNA
antisense RNA

miRNA
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Mechanisms of action by IncR-MIAT

The molecular mechanisms by which IncRNAs elicit their
effects are very diverse and include regulation of gene
expression at the epigenetic, transcriptional, post-transcrip-
tional and post-translational levels, and of protein function
by direct interactions [1-3, 5]. Important to note is that an
individual IncRNA may well take its actions by multiple
mechanisms, even on a same target gene. Different IncR-
NAs may act via an identical mechanism to regulate a same
gene. As far as IncR-MIAT in CVDs per se, the mechanisms
of actions can be summarized as the following categories:
ceRNA, naturally occurring antisense RNA (asRNA), and
RNA/protein interaction (Fig. 1).

ceRNA via the IncRNA-miRNA-mRNA axis

The ceRNA hypothesis proposes that transcripts with shared
miRNA binding sites in a gene/mRNA compete for post-
transcriptional regulation of this gene [87]. This hypothesis
has been believed a universal mechanism for IncRNAs and
unifying function of IncRNAs existing commonly in organ-
isms and for other regulatory RNAs as well, which is sup-
ported by empirical evidence from enormous studies [8].
From the published data to date, IncR-MIAT has been
associated with 8 miRNAs, including miR-133a-3p, miR-
135a, miR-150-5p, miR-22-3p, miR-24, miR-29, miR-
330-5p, and miR-93, which function as the intermediators
of the cellular function of IncR-MIAT (Table 2). The ceRNA
action of IncR-MIAT causes derepression or upregulation of
the target protein-coding genes of the relevant miRNAs via
limiting the functional availability of its targeted miRNA:s,
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leading to subsequent changes of cellular function accord-
ingly. This information has been introduced in the relevant
contexts of this review.

Nonetheless, it needs to be noted that the ceRNA hypoth-
esis is not without major skepticism and criticisms. Theo-
retically, IncRNAs carrying miRNA binding sites can all
act as ceRNAs; but in fact this is not always the case. Sev-
eral renowned research groups performed well control and
rigorously designed in-depth investigations and provided
strong evidence against the validity of the ceRNA hypoth-
esis [88-92]. In our laboratories, we have also examined
no less than 50 IncRNAs for their possibility to act like
ceRNAs; however, the results showed that most of these
IncRNAs could not act as molecular sponges to their target
miRNAs. There was no reciprocal relationship between them
although they have one or more binding sites. Therefore,
the prediction of sequence complementarity alone did not
represent the existence of a real regulatory relationship, and
further experimental verification was crucial. Especially,
IncR-MIAT is a low-abundance IncRNA in the myocar-
dium; in fact, it could hardly be detected with less sensitive
techniques like Northern blot [12]. Despite that its level is
upregulated in many CADs, whether the copy number of this
IncRNA in a cardiac cell is sufficient to elicit ceRNA action
remains yet to be verified and validated.

Direct interaction with proteins

In our study linking IncR-MIAT to MI injury, we showed
that this IncRNA could bind directly to TSPO protein to
stabilize it and in this way, IncR-MIAT induces opening of
mPTP and further leading to apoptosis. On top of this, we
identified a 226-nt region that encompasses the sequence
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Table 2 Sequence motifs of MiRNA Sequence motifs combined with IncR-MIAT Conservation Ref
miRNAs combined with IncR-
MIAT
miR-24 MIAT  5°-UUGUUCCUGCUGGGAGAGACUGAGCG-3’ Human/mouse/rat  [3]
[EEETEETTET I|||||||
miR-24  3’-GACAAGGACGACU - UGACUCGGU-S’
miR-29 MIAT 5°-CTCCCTCCTCAGGGTGCTGT-3’ Human/mouse/rat 18]
miR-29a 3’ ACCACGAU-5’
Human/mouse/rat
MIAT  5°-TCCGGGCTGTGGTGCTTCAG-3’
miR-29b 3°-ACCACGAU-5"
Human/mouse/rat
MIAT 5°-CTCCCTCCTCAGGGTGCTGT -3’
miR-29¢ 3°-ACCACGAU-5"
miR-330-5p MIAT  5'-CCCAGCCAGCCUCCCCCAGAGC-3’ Human/mouse/rat  [4]
miR-330-5p 3 -CGGAUUCUGUGUCCGGGUCUCU-5"
miR-93 MIAT 5’ AUCAGCACUGAGCACCUACUUUG-3° Human/mouse/rat  [19]
miR-93 3’- GAUGGACGUGCUUGUCGUGAAAC-5"
miR-22-3p MIAT 5’-GGCClljllj?leUCAA(l‘llJGlACUAAUC-T Human/mouse/rat  [8]
miR-22-3p 3’-UGUCAAGA - AGUUGACCGUCGAA-5°
ISy M SIS e
miR-133a-3p 3’-GUCGACCAACUUCCCCUGGUUU-5°
Human/mouse/rat
MIAT(1715) 5‘{}(K}(‘UC(‘UGA(I}G/\GGGGC(‘CAAU-3‘
miR-133a-3p 3"-GUCGAC - CAACUUCCCCUGGUUU-S’
miR-135a MIAT(7033)5°- GGAAGCAGCGGCAGAAAGCCATG-3® ~ Human/mouse/rat 2]
miR-135a 3’ AGUGUAUCCUUAUUUUUCGGUAU-5’
Human/mouse/rat
MIAT(7124)5 '.T('A(‘AGA(;T(;ATCTGGAAG(‘CAG/?-_%*
miR-135a 3’ AGUGUAUCCUUAUUUUUCGGUAU-5’
miR-150-5p MIAT 5° - TGAGGGAACGTCCTTTGCGAGT-3 Human/mouse/rat  [10]

miR-150-5p 3’-GTGACCATGTTCCCAACCCTCT-5

motif of IncR-MIAT that binds TSPO and is homologous
among various species and experimentally verified this
fragment as the FD of IncR-MIAT, which can essentially
replicate the pathophysiological function of the full-length
IncR-MIAT on TSPO, mitochondria, apoptosis and cardiac
function [46].

One advantage associated with the mechanism of direct
IncRNA: protein interaction is that it offers an opportunity
for identifying and characterizing the functional domain
of the targeted protein, which enables the gain-of-function
approach for basic researches and clinical applications of
IncRNAs that are otherwise too long in their sequences to
penetrate the cells to take their actions. Another advan-
tage of the mode of action is that it allows one to get into
deeper insight into the mechanisms of cellular functions
and pathological roles of IncRNAs [8, 93, 94].
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asRNA to affect the stability of target mRNAs

Antisense RNA (asRNA) is a class of RNA molecules that
specifically binds to mRNA through the principle of com-
plementary base pairing, and inhibits the expression of target
genes at the transcriptional and translational levels. It was
first discovered in the prokaryotic Escherichia coli, and sub-
sequent studies confirmed the presence of antisense RNA in
eukaryotic cells [83, 95-97]. Jayprokas et al.’s latest study
showed that IncRNA can be used as antisense RNA to regu-
late gene expression level through binding with mRNA, and
play an important role in the development of cancer [83].
Our study revealed that IncR-MIAT bears a short
sequence domain antisense to KCNJ2. In order to investi-
gate the possibility of a direct interaction between MIAT and
KCNIJ2 transcripts, we artificially synthesized this sequence
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and transfected it into Neonatal Mouse Atrial Myocytes
(NMAMs) to see if it could cause any changes of KCNJ2
transcript levels. The results showed that after transfection,
KCNIJ2 was significantly downregulated, as well as the low
expression of Kir2.1 protein, which bears implications in
AF.

Clinical implications and translational
perspective

Given the facts that the expression of IncR-MIAT is nearly
exclusively upregulated in various CVDs and it actively
participates in regulating CAD-related genes to fulfill its
pathophysiological roles, it does not seem to have any doubt
that this IncRNA bears implications in clinical applications
as a biomarker for MI and predictor for LV function in MI
and as a molecular target for new drug development for the
treatment of CVDs. The relatively high conservation of
IncR-MIAT sequence across species offers a unique advan-
tage for translational studies for the potential future clinical
applications.

Actually, there are two ways for a IncRNA to be a molec-
ular target for the treatment of cardiovascular disease: Loss-
of-function and gain-of-function. In consideration of the
properties of IncR-MIAT, we tend to formulate the follow-
ing protocols for the translational studies on this IncRNA.

First, we can use RNAI technology to silence the expres-
sion of IncR-MIAT or knock down IncR-MIAT. This
approach is rational and feasible given the fact that aberrant
upregulation of IncR-MIAT is common to diverse CVDs.
The siRNA approach for specifically inhibiting protein-
coding genes by artificially synthesized siRNAs has been
implemented for basic and pre-clinical studies. However,
the low efficacy, potency, and stability of siRNAs and their
chemical derivatives, as well as the risk of off-target effects,
limit their therapeutic application.

Second, except for RNAi approach, we could also use
antisense oligodeoxynucleotides (ODNs) to block the func-
tion of IncRNAs. For example, we have obtained the data
that an antisense fragment to the functional domain (FD)
of IncR-MIAT (MIAT-FD) effectively disrupts the IncR-
MIAT:TSPO binding and abolishes the cellular function
and pathological effects of MIAT-FD and full-length IncR-
MIAT. These results suggest that antisense is an effective
and potent strategy for suppressing the detrimental action
of IncR-MIAT in heart.

Third, in some cases, the abnormal low expression of
IncRNA may be an important reason for the occurrence and
development of the disease. Therefore, exogenous supple-
mentation of the IncRNA to increase its level can correct
this abnormality and could become one of the treatment
approaches. However, if the length of IncRNA is too long

to be carried by the plasmid or viral vectors, it will limit the
application of IncRNA replacement therapy. One solution is
to search for the functional domain (FD) of IncRNAs, which
are small in length but can retain the cellular function of full-
length IncRNAs for a particular disease entity. For instance,
if IncR-MIAT is indeed downregulated in atrial tissue of AF
patients as revealed by our study described above, then IncR-
MIAT replacement is highly desirable. Unfortunately, the
full-length IncR-MIAT is too long in its sequence (almost
10 kb) to be carried by any vectors currently available, which
forms a great obstacle to delivering this IncRNA into cells.
Fortunately, this barrier can be surmounted.

Our group has successfully identified the FDs of three
different IncRNAs, and experimentally confirmed that these
FDs could replace full-length IncRNAs to perform corre-
sponding biological functions [93, 94, 98]. This indicates
that this strategy is effective and feasible for the IncRNAs
which are directly interact with proteins. One obvious advan-
tage of this approach over ceRNA is that IncRNA FD:protein
interaction is more specific, for IncRNA FD specifically
embedded in the three-dimensional spatial structure of the
target protein, thus having a lower off-target effect.

Knowledge gap and future directions

Despite the important role that IncR-MIAT plays in a variety
of CVDs, it should be noted that our present understanding
of the cellular functions, pathological roles, and molecular
mechanisms is still far from being complete. Many questions
remain unanswered.

First, as a nuclear-retained IncRNA, IncR-MIAT is pro-
posed to regulate alternative splicing of transcripts involved
in neuronal activation and pathology of schizophrenia. For
example, Barry et al. demonstrate that IncR-MIAT could
function as a splicing factor sponge to absorb QKI and
SRSF1, resulting in a remarkable decrease in expression of
schizophrenia-related genes DISCI and ERBB4 and their
alternatively spliced variants. Chung et al. reconfirmed
that abnormal elevation of IncR-MIAT transcript level
alters ErbB4 splicing, causing lower activity of parval-
bumin interneurons and cognitive dysfunction in patients
with schizophrenia. However, it has not been reported that
whether IncR-MIAT contributes to the development of vari-
ous CVDs by altered alternative splicing, until Yang et al.
first revealed that knockout of MIAT significantly reduces
RNA splicing events in hypertrophic hearts and affects the
alternative splicing of genes associated with cardiac muscle
contraction and morphogenesis. Unfortunately, they didn’t
look into the exact mechanisms of how MIAT takes part
in cardiac RNA splicing. Besides, Whether MIAT can be
involved in the development of other CVDs through alterna-
tive splicing regulation remains to be further explored.
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Fig.2 Summary of the roles of <
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Others
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Second, IncR-MIAT is known to be a nuclear-retained
IncRNA, but then how it could interact with miRNAs and
proteins located in the cytoplasm is yet to be clarified.

Third, although we have identified a sequence motif,
MIAT-FD, which is well conserved between mouse and
human, could replace full-length IncR-MIAT to induce car-
diomyocyte apoptosis by interacting with TSPO, the con-
clusion drawn from our animal study may not be directly
applied to man, further validated experiments and rigorous
studies are still required to make it applicable to clinical
practice.

Conclusions

Overall, the expression of IncR-MIAT is aberrantly upregu-
lated in various pathological conditions of the heart, includ-
ing myocardial infarction, coronary artery disease, cardiac
hypertrophy, diabetic cardiomyopathy, and dilated cardio-
myopathy, sepsis cardiomyopathy, atrial fibrillation, and
ischemic stroke. Upregulation of IncR-MIAT can be caused
by multiple deleterious factors such as angiotensin II, iso-
proterenol, hypoxia, ROS, nicotine, and infection. It is thus
quite possible that IncR-MIAT is an effective biomarker for
MI and other cardiovascular conditions and a valuable pre-
dictor of LV function in MI.

LncR-MIAT primarily produces deleterious impacts on
heart and plays critical roles in the pathological processes
of multiple CVDs (Fig. 2). An important note to take here is
that in all published studies involving the functional assess-
ment of IncR-MIAT, knockdown of IncR-MIAT by siRNA
or virus-mediated silencing techniques effectively abrogates
the detrimental effects induced by this IncRNA. This point
strongly suggests the validity of IncR-MIAT as a molecular
target for the treatment of various CVDs.

@ Springer

LncR-MIAT acts through multiple mechanisms including
ceRNA, asRNA and RNA:protein binding. These insights
will not only tremendously advance our understanding of
IncRNA biology and pathophysiology, but also offer good
opportunities for more innovative and precise design of
agents that have the potential to be developed into new drugs
for better therapy of CVDs in the future. Because of the high
profile of IncR-MIAT in CVDs, it definitely merits future
studies and the potential of this IncRNA for clinical applica-
tions will no doubt remain it a focus of research attention.
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