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Abstract

Ischemic cardiac preconditioning protects the heart during myocardial infarction by activating
critical cardioprotective genes such as eNOS, SOD, and HO-1. Clinical trials only show marginal
effects of conventional preconditioning strategies, however, in part due to transient activation of
cardioprotective genes. Recent studies have shown that N6-methyladenosine (m6A) mRNA
methylation is the most abundant RNA modification in eukaryotes, and governs mRNA stability
and, in turn, the level of protein expression. We hypothesize that regulation of m6A mRNA
methylation levels of cardioprotective mRNASs will result in stable expression of the
cardioprotective proteins, rendering ischemic cardiac preconditioning more robust and reducing
infarct size. To test this hypothesis, we will test the effects of introducing m6A methylases/
demethylases into ischemic preconditioned/post conditioned hearts and subjecting them to
myocardial infarction. We will assess the half-life of key cardioprotective mRNAs (e.g., eNOS,
SOD, and HO-1) and cardiac apoptosis to determine which m6A methylases/demethylases have a
synergistic effect on cardiac preconditioning.
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Introduction

A leading cause of death worldwide is ischemic heart disease/myocardial infarction, which
leads to the progressive loss of cardiomyocytes(1). Despite the advancement of therapies,
including medications, percutaneous intervention, and coronary bypass surgery, permanent
damage to the myocardium and ensuing cardiac dysfunction is associated with

Correspondence to: Yaoliang Tang, MD, Ph.D., FAHA, Professor of Cardiovascular Medicine, Vascular Biology Center, Medical
College of Georgia at Augusta University, 1460 Laney Walker Blvd, Augusta, GA, 30912. Telephone: (706)-721-8467,
yaotang@augusta.edu.

Conflict of Interest

None to disclose.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saxena et al. Page 2

approximately 50% 5-year mortality rate in post-MI patients(2). Therefore, an efficient
strategy for cardioprotection against myocardial infarction is greatly needed.

Ischemic Cardiac Preconditioning

Developing a strategy for cardioprotection is especially important because the heart is
unable to regenerate myocardium(3). Ischemic cardiac preconditioning, elicited by brief,
repetitive cycles of coronary occlusion and reperfusion, allows the cardiomyocytes to adapt
to conditions of inadequate oxygen supply and can thus promote cardioprotection and
myocardial salvage by preventing cardiomyocyte apoptosis and cell death(4). Exposing
myocardium to 15 minutes of ischemia promotes tolerance to a subsequent episode of
ischemia, making the patient more likely to survive a myocardial infarction(5).
Conceptually, this approach is attractive to reduce infarct size and potentially improve long-
term prognosis following myocardial function(6).

Because the timing of myocardial infarction is relatively unpredictable, preconditioning is
not a practical cardioprotection strategy. Cardiac postconditioning, which is performed
starting at the time of reperfusion, is a much more practical approach(7, 8) since most
damage to the heart occurs within the first minutes of reperfusion(9). Brief coronary
occlusions performed just at the beginning of reperfusion can help protect against ischemia/
reperfusion injury(7) and reduce infarct size(8). Studies performed in patients undergoing
coronary angioplasty during myocardial infarction have demonstrated that postconditioning
can effectively protect the heart(8). Results from in vivo experiments in animals have
demonstrated that postconditioning not only reduces infarct size, but it also reduces
reperfusion arrhythmias(9). Mechanistically, these effects are linked to reduced
cardiomyocyte apoptosis and diminished triggers of reperfusion injury (i.e., oxidants,
proinflammatory cytokines, neutrophil infiltration)(10).

Proteins Associated with Ischemia

Many ischemic cardiac preconditioning/postconditioning related protective genes have been
identified. Nitric oxide synthase, which produces nitric oxide (NO) from L-arginine, is an
essential enzyme as NO regulates redox signaling and cellular functions(11). Studies have
demonstrated that NO has a protective effect in modulating the severity of ischemic or
reperfusion injuries(12). Ischemic preconditioning has been shown to increase NO
production. Inhibitors of nitric oxide synthase, which reduce NO levels, also block
cardioprotection(11). Therefore, these enzymes are crucial to heart function and its ability to
respond and adapt to external stressors like ischemia. Decreased apoptosis leads to a more
significant rescue of cardiomyocytes, which yields more efficient and effective
cardioprotection.

Consistently, both preconditioning and postconditioning decrease necrosis from ischemia
and salvage muscle tissue to preserve proper heart function. Despite the results from early
clinical trials, cardiac preconditioning/postconditioning have yet to become widely applied,
in large part due to the invasive nature of the procedure. Thus, investigators have exploited
the phenomenon of remote preconditioning/postconditioning, wherein ischemia rendered in
a distant organ or tissue promotes cardioprotection(13, 14). The results of this study
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reinforce the conclusion that the effect of remote preconditioning cannot be measured
through ex-vivo experimentation, and therefore, further advancements are needed before the
clinical implementation of such procedures(15).

A possible reason for the limited success of postconditioning clinical trials is the transient
nature of protective gene expression, which is insufficient to protect most ischemic
cardiomyocytes from lethal injury, therefore leading to little cardioprotection.

RNA Methylation

There are many sites on the mRNA on which methylation and other modifications, such as
N1-methyladenosine (m1A), 5-methylcytosine (m5C), and 2’-O-methylation, can affect
gene expression and stability of mRNA. (16, 17). The modification of m1A regulates tRNA
and rRNA stability(16). The modification of m5C has been found in a variety of different
cellular structures, though the exact purpose of methylation at this site remains unknown. It
has been speculated that m5C may be associated with RNA transport or metabolic gene
regulation (17). N6-Methyladenosine (m6A) methylation is the most prevalent internal post-
transcriptional nucleoside modification on mammalian RNA (18-20). Mapping m6A sites
has shown that m6A is most concentrated near stop codons and 3’ untranslated regions (19).
M6a may be triggered by external stimuli or cellular signaling.

The functions of m6A mRNA methylation and demethylation, along with other post-
transcriptional modifications, are to control the stability of mMRNA. The 5’ guanosine
triphosphate cap and the 3’ polyadenylation tail protect the mRNA against degradation by
enzymes and proteins and aid in the transport of the mRNA from the nucleus to the
cytoplasm (21). On the other hand, m6A methylation decreases the stability of mRNA. For
instance, Hastings demonstrated that m6A methylation could regulate the pace of circadian
gene expression and other processes. The presence of m6A methylation determines the
speed of multiple cellular processes, such as the rate of mMRNA production, clock gene
transcription, nuclear transfer, and protein complex formation(22). Demethylation of m6A
allows for protracted gene expression by providing mRNA stability and protection from
degradation, preserving the nucleotides of the mMRNA strands that are necessary for protein
synthesis, and allowing for increased gene expression by catalyzing the processes of mMRNA
production and translation.

Role of m6A Enzymes: Writers, Readers, and Erasers

Methylation is a reversible process that is modified by effectors (“writers” and “erasers”)
and by methyl-specific binding proteins (“readers™) that recognize chemical marks(19).
Writers and erasers regulate gene expression by respectively installing and removing
modifications(19). Writer machinery includes METTL3 as well as the writer complex of
METTL14, and adaptor proteins (i.e., WTAP, VIRMA, HAKAI), which install methylations
at specific sequences. Erasers (i.e., demethylases) that remove these methylation marks
include FTO and ALKBHDS. “Reading” is facilitated by YTH domain-containing proteins
recruited to m6A modification sites that could favor RNA-binding events, along with RNA
binding proteins. In areas where m6A regions are dense, a higher concentration of readers is
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present. In Table 1, we list the writers, erasers, and readers that have been reported to affect
the stability of mRNA in specific cells.

By providing stability and protection to the RNA, these modifications extend the half-life of
RNA by preventing its degradation. Therefore, the RNA can sustain gene expression for a
more extended period to promote protein synthesis. Some demethylated mMRNA strands have
a shortened half-life compared to methylated mMRNA strands and are therefore unable to
efficiently carry out gene expression. Mauer J et al. (23)reported that FTO (an eraser) causes
a significant reduction in mRNA stability via demethylating m6A,.

Conclusion

In conclusion, the purpose of the study is to optimize the efficiency and effectiveness of
ischemic cardiac preconditioning and postconditioning to better protect the heart during
myocardial infarction. M6A mRNA methylation and demethylation have been shown to
regulate the half-life of mMRNA. Regulating m6A methylation of cardioprotective mRNAs
will likely result in stable cardioprotective protein expression, making ischemic cardiac
preconditioning/postconditioning more efficient and further reducing the mortality and
morbidity of myocardial infarction in patients.

Hypothesis

We hypothesize that regulating m6 A mRNA methylation can increase the effect of
cardioprotection by prolonging cardioprotective gene expression. Specifically,
demethylation will likely result in more efficient ischemic cardiac preconditioning/
postconditioning in the setting of myocardial infarction.

Discussion

Our hypothesis introduces novel concepts to the field of cardioprotection. N6-
methyladenosine (M6A) has received great attention in recent years because it is the most
abundant mRNA modification(24), and has been shown to be reversible and involves many
cellular processes such as mRNA and miRNA Processing, mRNA localization, inhibition or
translational activation(25). Before we can test the effects of m6A modification on ischemic
cardiac preconditioning/postconditioning, we need to test this idea in vivo using both small
and large animal MI models. To test this hypothesis, we will increase m6A methylation by
introducing methylases (i.e., “writers” such as Mettl3, Mettl14 and WTAP) or decrease m6A
methylation by introducing demethylases (i.e., “erasers” such as FTO and ALKBH5) to the
hearts, and subject them to ischemic preconditioning or postconditioning followed by
myocardial infarction.

In order for cardiomyocytes to overexpress methylase (i.e., Mettl3) or demethylases (i.e.
FTO or ALKBHS5), we can use recombinant adeno-associated virus (rAAV) vectors with a
cardiac-specific promoter (e.g., a miniaturized cardiac-specific regulatory cassette
(cTnT(455)) including enhancer and promotor portions of the human cardiac troponin T
gene (TNNT2)) to control the specific expression of these genes in cardiomyocytes(26).
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rAAV is a safe virus with less immune response and has been used in clinical trials in human
patients(27).

To study relative stability of mRNA, we will measure the mMRNA decay kinetics, in brief, we
will first inhibit mMRNA transcription by using actinomycin D or a-amanitin treatment, and
then we can compare the time course of key cardioprotective mRNAs in preconditioned
hearts at regular time intervals before, during, and after heart preconditioning by quantitative
RT-PCR (g-RT-PCR)(28). For some mRNA with very short half-life (<1min), the half-life
measurement will be very challenged; however, we will measure key cardioprotective
MRNAs, such as eNOS with half-life of ~24hrs (29), SOD with half-life of ~37.5min(30),
and HO-1 with half-life of ~2hrs(31). If data analysis show preconditioning with decreased
MRNA methylation extends the half-life of mRNA and long-lasting protein expression, we
will study whether it has more potent effects on cardioprotection, such as reduction of
cardiac apoptosis, and infarct size. Moreover, we will perform echocardiography to see
whether combining preconditioning with mRNA methylation regulation can preserve heart
function better than traditional precondition strategies. If so, it can be inferred that
demethylated mMRNA allows for better preconditioning, which in turn leads to enhanced
cardiac function.

Implications

Demonstrating that regulating m6 A mRNA methylation increases the efficiency of ischemic
cardiac preconditioning/postconditioning will help to advance our understanding of the
mechanisms that allow the heart to adapt to adverse conditions such as ischemia. Moreover,
this research may lead to methodology to therapeutically regulate the amount or speed of
gene and protein expression from mRNA. More efficient ischemic cardiac preconditioning/
postconditioning will allow the patients to better adapt to such conditions and will
significantly increase the chances of survival in subsequent prolonged episodes of ischemia.
This research can also be applied to cases related to ischemia in other organs, such as the
brain, Kidneys, or limbs. Hence, ischemic preconditioning can be applied to patients at risk
for stroke, renal cortical necrosis, etc. Similar to the heart muscle; preconditioning can help
these organs develop adaptations to ischemia or other stress conditions. Thus, with further
research, our hypothesis may yield better treatment in the future to prevent organ failure.
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Table 1.
Effector Type of Expression | Cell(s) Targeted mMRNA stability and Ref
Effector genes protein expression :
METTL3 | Writer Increased bladder cancer £J & T24 cells Pri-miR221/222 "DGCR8 mediated (32)
recognition.
METTL14 | Writer Decreased Acute kidney injury YAP1 1 stability (33)
WTAP Writer Decreased 3T3-L1 Ccna2 | expression (34)
. IGFBP5 -
VIRMA Writer Decreased HelLa cells Notchl T stability (35)
Increased Transcription start sites MTCH2 | expression (36)
FTO Eraser R
Decreased Transcription start sites gr]r:ri-slss targeted 1 stability (23)
Increased | expression
ALKBH5 Eraser HTR-8& JEG-3 CYR®I 37)
Decreased T stability
YTHDF1 Reader Decreased Porcine intramuscular MTCH2 | expression (36)

preadipocytes
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