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Ischemic heart disease is the most common cause of death in 
Western countries.1 It is consequence of a reduced cardiac 

blood supply leading to a decrease in oxygen and nutrients fun-
damental for the proper functioning of the myocardium.1,2 The 
persistence of this condition induces fibrosis and scar deposi-
tion to replace the dead cardiac tissue.2 This replacement dam-
ages pumping function and thus predisposes to arrhythmias.3 
Specific transcriptional programs finely regulate the cardiac 
remodeling.2 Deciphering the deep transcriptional changes 
during ischemic heart disease might shed light on potential 
targets for early diagnosis and new drug development.
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Transcription permits to transform into RNA the coding 
and non-coding genetic information conserved into DNA. 
RNAs, in fact, are grouped into coding and non-coding 
transcripts (ncRNAs).4,5 The former, commonly known as 
mRNAs, are commonly translated into proteins, whereas the 
latter carry out mainly regulatory functions at transcriptional, 
post-transcriptional, and epigenetic levels.4,5 NcRNAs have 
been further classified, based on their length, into following 
types: small ncRNAs (<200 nucleotides) and long ncRNAs 
(lncRNAs; >200 nucleotides).4,5 microRNAs (miRNAs), 
transfer RNAs, piwi-interacting RNAs, and endogenous short 
interfering RNAs are examples of the first class.5 Instead, 
lncRNAs are generally categorized based on association 
to nearby protein-coding genes into following types: sense 
RNAs, antisense RNAs, intronic RNAs, intergenic RNAs, 
enhancer (eRNAs), and circular RNAs.4

RNA Polymerase II Pausing
All these RNAs are mostly transcribed by RNA polymerase 
II (Pol II), a multiprotein complex of 550 kDa localized 
into the nucleus of eukaryotic cells.6 Thanks to its prompt 
response to environmental signals, Pol II is able to immedi-
ately activate molecular mechanisms crucial for the response 
to ischemic insults involving every kind of the RNA species 

listed above. The rapidity of this activation is consequence 
of sudden activation of transcription factors. The latter not 
only induce de novo transcription but also are able to release 
Pol II pausing. This is a sort of transcriptional preactivation 
state characterized by recruitment of the enzyme at specific 
promoters to form preinitiation complexes, subsequent tran-
scription initiation, and then pausing of the elongation ≈30 to 
50 bp downstream of the transcription starting state.7 Paus-
ing is mediated by negative elongation factor (NELF) and 
5,6-dichloro-1-β-d-ribofuranosylbenzimidazole sensitivity-
inducing factor (DSIF), 2 factors that binding Pol II revers-
ibly halt elongation, possibly by interaction with the nascent 
RNA.8 As soon as the release signal is activated by direct 
or indirect intervention of specific transcription factors, Pol 
II is ready and reactivates the productive elongation.8 Spe-
cifically, positive transcription elongation factor b (P-TEFb) 
dissociates from the 7SK small nuclear ribonucleoprotein 
complex localized at promoters and phosphorylates NELF, 
DSIF and Pol II determining NELF inactivation, DSIF con-
version into an elongation factor with consequent Pol II 
activation.9 The study of this phenomenon and the identi-
fication of which class of RNAs is activated after ischemia 
will permit to have a clearer idea about the early molecular 
mechanisms important for myocardium repair and regenera-
tion after the ischemic insult.

Profiling Nascent RNA
Recently, with the beginning of the OMIC era, new meth-
ods have been developed to rapidly analyze the full profile 
of RNAs in physiological and pathological contexts, such as 
normal heart versus acute myocardial infarction. Among these 
techniques, the global nuclear run-on sequencing (GRO-Seq) 
is probably the best approach to analyze the profile of nascent 
RNAs.10 In addition to this, GRO-Seq allows to identify the 
products of the elongation phase after activation of paused 
Pol-II.9,10 This technique is based on the labeling of nascent 
transcripts with bromouridine and the concomitant cell treat-
ment with sodium lauroyl sarcosinate (Sarkosyl), an inhibitor 
of DNA transcription. In this way, only Pol II already sat on 
specific promoters will give rise to bromouridine-labeled tran-
scripts. The labeling is then used to immunoprecipitate RNA 
that, once eluted, may be converted into a DNA library suit-
able for deep sequencing.10,11 The next-generation sequencing 
approach precisely determines the number of newly synthe-
sized RNAs and gives a measure of the transcriptional activ-
ity in a given context.10 GRO-Seq is extremely accurate and 
sensitive. The accuracy of GRO-Seq permits to point out Pol 
II pause release, elongation, and termination defects. Its sen-
sitivity gives the possibility to reveal sense and antisense tran-
scription, short-lived RNAs, and low-abundant lncRNAs, such 
as eRNAs.10,11 Although the advantages of this technique are 
particularly appealing, GRO-Seq is still laborious and needs 
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a huge amount of material to start with: at least 107 cells for 
each condition.

In a study published in the present issue of Circulation: 
Cardiovascular Genetics, Kaikkonen et al12 report the results 
obtained from GRO-Seq in a large animal model of acute 
infarction. The authors adopted the GRO-Seq to determine 
the profiles of nascent RNAs associated to myocardial infarc-
tion, scanning the transcriptional activity occurring in nuclei 
derived from different areas of the ischemic heart at 1 day 
after ischemia.12 By this approach, they found the induction of 
inflammatory markers (like tumor necrosis factor [TNF] and 
transforming growth factor β1 [TGFβ1]) and the downmodu-
lation of genes involved in oxidative phosphorylation, cardiac 
muscle contraction, and peroxisome proliferator–activated 
receptor (PPAR) signaling. Interestingly, this study revealed 
for the first time the presence of a gradient of differentially 
regulated transcripts moving from the healthy myocardium 
to the hypoxic border zone up to the deep ischemic area.12 
Moreover, they took advantage from GRO-Seq to calculate 
the transcriptional pausing ratio. Specifically, they derived this 
information from the difference of Pol II density between the 
promoter region and the gene body, respectively, from 0 to 200 
and from 200 bp to the end of the gene.12 Indeed, they found 
an increase of pausing for repressed transcripts associated to 
mitochondrial function and muscle contraction and a decrease 
of pausing in transcribed transcripts involved in inflamma-
tion, cell motility, and necrosis, giving an evident view of 
the transcriptional dynamics ongoing in an ischemic heart.12 
Their experimental approach enriched our knowledge about 
the transcriptome remodeling occurring during myocardial 
ischemia exploiting the high resolution of GRO-Seq and indi-
cated to focus the attention especially on ncRNA species. The 
authors were able to identify the primary miRNAs expressed 
into the ischemic heart after their expression changes after 
ischemia, pointing out for the first time the transcriptional 
regulation of miRNAs12 in this condition. Although most of 
what they found was already described in the literature, they 
could detect also miRNAs, including let7a, miR-99a, miR-
103b, miR-148b, and miR-365, not previously associated 
with myocardial infarction and useful as potential biomarkers. 
Regarding lncRNAs, Kaikkonen et al12 found that 3503 car-
diac intergenic RNAs overlapped between pigs and humans 
and confirmed the involvement of myocardial infarction-asso-
ciated transcript (lncRNA: MIAT), metastasis lung adenocar-
cinoma transcript 1 (lncRNA: MALAT1), hypoxia-inducible 
factor 1A antisense RNA 2 (lncRNA: HIF1-AS2), and cyclin-
dependent kinase inhibitor 2B antisense RNA1 (lncRNA: 
ANRIL) in cardiac ischemia.12 Furthermore, they observed 
upregulation of GATA4 and GATA6 antisense lncRNAs and 
downregulation of the antisense KLF6 (Krüppel-like family of 
transcription factor 6).12 Remarkably, the KLF family of tran-
scription factors has been identified as the main enhancers’ 
regulator. KLFs, in fact, are sensitive to ischemia and deter-
mine the differential expression of ≈1700 eRNAs.12

In conclusion, the present study put in the spotlight differ-
ent classes of transcripts and their regulatory networks during 
myocardial ischemia. This is an elegant study that underlines 
the presence of a transcriptional gradient progressing from 

non-ischemic cardiac areas toward the most deep ischemic 
zone involving all kind of RNA species. Taking advantage 
from the high resolution of GRO-Seq, the authors were able to 
observe the transcriptional regulation of miRNAs and eRNAs. 
This approach significantly improved our understanding of 
the transcriptional dynamics associated to myocardial infarc-
tion, providing indications for the identification of novel ther-
apeutic targets potentially useful to handle infarction and its 
associated complications.

Sources of Funding
The present study was supported by LOEWE Cell & Gene Therapy 
Center (LOEWE-CGT), Goethe University, Frankfurt, and by 
Deutsche Forschungsgemeinschaft Program SFB834 “Endothelial 
Signaling and Vascular Repair,” project B11 to Dr Gaetano. Dr 
Spallotta is the recipient of the LOEWE CGT grant III L 5 - 
518/17.004 (2013) and funded by the DFG (German Research 
Foundation), “Excellence Cluster Cardio Pulmonary System.” Dr 
Cencioni is the recipient of the Start-up grant 2016 from LOEWE-
Forschungszentrum für Zell- und Gentherapie, gefördert durch das 
Hessische Ministerium für Wissenschaft und Kunst. Aktenzeichen: 
III L 5 - 491 518/17.004 (2013).

Disclosures
None.

References
	 1.	 Finegold JA, Asaria P, Francis DP. Mortality from ischaemic heart dis-

ease by country, region, and age: statistics from World Health Organisa-
tion and United Nations. Int J Cardiol. 2013;168:934–945. doi: 10.1016/j.
ijcard.2012.10.046.

	 2.	 Cencioni C, Atlante S, Savoia M, Martelli F, Farsetti A, Capogrossi 
MC, et al. The double life of cardiac mesenchymal cells: epimetabolic 
sensors and therapeutic assets for heart regeneration. Pharmacol Ther. 
2017;171:43–55. doi: 10.1016/j.pharmthera.2016.10.005.

	 3.	 van Berlo JH, Maillet M, Molkentin JD. Signaling effectors under-
lying pathologic growth and remodeling of the heart. J Clin Invest. 
2013;123:37–45. doi: 10.1172/JCI62839.

	 4.	 Uchida S, Dimmeler S. Long noncoding RNAs in cardiovascular diseases. 
Circ Res. 2015;116:737–750. doi: 10.1161/CIRCRESAHA.116.302521.

	 5.	 Greco CM, Condorelli G. Epigenetic modifications and noncoding RNAs 
in cardiac hypertrophy and failure. Nat Rev Cardiol. 2015;12:488–497. 
doi: 10.1038/nrcardio.2015.71.

	 6.	 Sayed D, He M, Yang Z, Lin L, Abdellatif M. Transcriptional regulation 
patterns revealed by high resolution chromatin immunoprecipitation dur-
ing cardiac hypertrophy. J Biol Chem. 2013;288:2546–2558. doi: 10.1074/
jbc.M112.429449.

	 7.	 Gaertner B, Zeitlinger J. RNA polymerase II pausing during development. 
Development. 2014;141:1179–1183. doi: 10.1242/dev.088492.

	 8.	 Yamaguchi Y, Shibata H, Handa H. Transcription elongation factors DSIF 
and NELF: promoter-proximal pausing and beyond. Biochim Biophys 
Acta. 2013;1829:98–104. doi: 10.1016/j.bbagrm.2012.11.007.

	 9.	 Ji X, Zhou Y, Pandit S, Huang J, Li H, Lin CY, et al. SR proteins collabo-
rate with 7SK and promoter-associated nascent RNA to release paused 
polymerase. Cell. 2013;153:855–868. doi: 10.1016/j.cell.2013.04.028.

	10.	 Gardini A. Global run-on sequencing (GRO-Seq). Methods Mol Biol. 
2017;1468:111–120. doi: 10.1007/978-1-4939-4035-6_9.

	11.	 Core LJ, Waterfall JJ, Lis JT. Nascent RNA sequencing reveals wide-
spread pausing and divergent initiation at human promoters. Science. 
2008;322:1845–1848. doi: 10.1126/science.1162228.

	12.	 Kaikkonen MU, Halonen P, Liu OH-F, Turunen T, Pajula J, Moreau P, 
et al. Genome-wide dynamics of nascent noncoding RNA transcription 
in porcine heart after myocardial infarction. Circ Cardiovasc Genet. 
2017;10:e001702. doi: 10.1161/CIRCGENETICS.117.001702.

KEY WORDS:  Editorials ◼ early diagnosis ◼ fibrosis ◼ myocardial infarction 
◼ nucleotides ◼ RNA

D
ow

nloaded from
 http://ahajournals.org by on M

ay 16, 2023




