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Summary

Introduction: The cell cycle arrest of the mammalian adult cardiomyocytes is the main reason for limited cardiac regeneration.
A complex network of intracellular molecules facilitates cell cycle progression, from which regulatory proteins are well studied.
However, the non-protein compartments such as regulatory microRNAs (miRNAs) are underrepresented. Here, we explored the
miRNAs with differential expression in proliferating and non-proliferating cardiomyocytes.

Methods: Candidate miRNAs with significant differential expression between 14-day and 45-day human embryonic stem cell-
derived cardiomyocytes (hESC-CM) were identified using reanalysis of data set GSE35672. Human embryonic stem cells (hPSCs)
were expanded and differentiated into cardiomyocytes by a cocktail of small molecules targeting Wnt/B-catenin and TGF-B
signaling, and samples were collected for expression analysis of in silico-identified candidate miRNAs at days 10, 20, and 30 of
differentiation.

Findings: miR-302d, miR-371-5p, and miR-372 were selected as candidate differentially expressed miRNAs (DEmiRNAs). While
miR-302d and miR-371-5p expression did not repeat the in-silico results in cTNT*hESC-CM, miR-372 showed a significant

downregulation from day 10 to day 30.

Conclusion: This finding suggests a possible regulatory effect of miRNA-372 in cell cycle arrest of mature cardiomyocytes.
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Introduction

Cardiovascular diseases comprise a major number of
mortality worldwide. According to the Global Burden of
Disease (GBD) Study 2019, 18.6 million people died from
cardiovascular diseases in this year." This statistic warns us
about finding more efficient and appropriate treatments
and manage the spread of cardiovascular disorders.
Despite efforts to advance treatment methods in recent
decades, there is still a long way to go in order to achieve a
significant improvement.

Ischemic heart diseases are the most common known
cardiovascular disorder, caused by plaque formation in
the coronary arteries that supply nutrients and oxygen
to the myocardium. The cessation or reduction of blood
flow to the myocardium, due to coronary artery occlusion,
causes a heart attack. This process leads to the destruction
and death of heart muscle cells, or cardiomyocytes.?
Cardiomyocyte proliferation is a key factor in the repair of
cardiac tissue following injury. Research has shown that
mammalian cardiomyocytes lose their ability to divide
after birth due to terminal differentiation and exit from
the cell cycle. Unlike mammals, some fish, reptiles, and
amphibians maintain the cardiomyocytes’ proliferation
capacity throughout life. This difference originates from
various growth pathways that are employed in different

organisms. As a result, targeting genes involved in cell
division could be a strategy to restore the ability of repair
in the heart after injury.’

The cell cycle is controlled by two groups of proteins;
cyclins and cyclin-dependent kinases (CDKs). The activity
of cyclins and CDKs is regulated by two families of CDK
inhibitors, INK4s and CIP/KIPs. These inhibitors control
cell cycle by binding to CDKs and preventing the formation
of the cyclin-CDK complex.* In addition to being
regulated by a complex network of proteins, recent studies
have shown that non-coding RNAs has a considerable role
in cell cycle regulation by influencing various processes,
including protein expression. Porrello and colleagues
discovered a key regulatory role for the microRNA-15
(miR-15) family in the mitotic arrest of cardiomyocytes
after birth °. Initially, they identified a list of miRN As which
showed differential expression at postnatal days 1 and 10
in mice and narrowed down their list to the miR-15 family,
particularly miR-195 with highest differential expression.
Huang and colleagues investigated the role of miR-128 in
cardiomyocytes’ proliferation and cardiac regeneration.®
Wang et al profiled miRNAs in the early phases of
cardiomyocytes differentiation and found miR-25 with
a significant differential expression in proliferating and
non-proliferating human pluripotent stem cells-derived
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cardiomyocytes (hPSC-CMs).” Borden et al introduced
miR-294 as a regulator of cardiomyocytes cell cycle re-
entry.® Bian and colleagues could enhance myocardial
repair by overexpressing miR-199a in cardiomyocytes
derived from hPSCs.? In the current study, we reanalyzed
a public dataset for miRNA expression in early and late
phases of cardiomyocytes differentiation and explored
the in-silico identified miRNAs in proliferating and non-
proliferating hPSC-CMs.

Methods

Dataset selection and RNA-seq data reanalysis

In order to find public datasets for miRNA expression in
immature (proliferating) and mature (non-proliferative)
cardiomyocytes, we used the following keywords in
NCBIL cardiomyocytes, cell cycle arrest and miRNAs.
The result was a large number of datasets, from which
we selected one that resembled Royan in vitro platform
of hPSC-CM differentiation (GSE35672).° This selected
dataset studied miRNA transcripts in differentiating
human induced pluripotent stem cell (hiPSC)-derived
cardiomyocytes from day 0 to 120 of differentiation. The
data related to days 10 (immature cardiomyocytes) and
45 (mature cardiomyocytes) were reanalyzed using the
GEO2R Web tool with settings adjusted P value < 0.05 and
Log2 Fold change>|2|. MirTarBase and EnrichR were
used to explore the target genes and signaling pathways,
respectively. The overview of workflow is depicted in
Figure 1.

hESCs expansion and differentiation into cardiomyocytes
Human embryonic stem cells (Royan H6 [RH6] line)
were obtained from the Royan Institute’s Stem Cell Bank,
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Figure 1. Workflow of transcriptomic data reanalysis for identification of
cardiomyocytes cell cycle-associated miRNAs

expanded and differentiated as follow: induction towards
mesendoderm using small molecule (SM) CHIR (12
uM, Stemgent, 04-0004-10), towards cardiac mesoderm
and cardiac progenitor cells using 5 uM of 3 SMs IWP2
(Tocris Bioscience, 3533), SB431542 (Cayman, 13031)
and purmorphamine (Stemgent, 04-0009). Spontaneous
beating was observed by day 7 of differentiation (D7). The
human embryonic stem cells-derived cardiomyocytes
(hESC-CM) was maintained in culture until day 30 of
differentiation (D30) and cardiomyocytes were collected
at days 10, 20 and 30 (D10, D20, D30) for assessments.

Immunostaining

To assess cardiomyocyte specification at protein level,
immunostaining was performed for cardiac troponin T
(cTNT). Cells were fixed using 4% paraformaldehyde for
15 minutes, permeabilized with 0.1% Triton in PBS for 20
minutes, blocked with 1% BSA for 45 minutes, incubated
with primary antibody (Abcam, AB6423) for 2 hours at
room temperature (RT) and secondary antibody (Donkey
anti-goat, Abcam, AB150132) for 1 hour at 37 °C. For
nuclear staining, DAPI (Sigma-Aldrich, D8417) was used
for 30 seconds. Images were captured using an Olympus
IX71 fluorescence microscope.

RNA isolation and quantitative RT-PCR (qRT-PCR)
hESC and D10, D20 and D30 hESC-CM were collected
for RNA extraction. RNA isolation was done using TRIzol
reagent (Invitrogen, USA) according to the manufacturer’s
protocol. To remove any potential DNA contamination,
samples were incubated with RNase-free DNase (Takara,
Japan). The extracted RNAs were elongated using the
Poly(A) Polymerase Tailing Kit from Ratin Gene. The
resultant elongated RNA was reverse-transcribed into cDNA
and diluted to 50 ng/uL for qRT-PCR in the Rotor Gene
6000 (Corbett, Australia). The analysis was carried out using
REST analysis software (QIAGEN, Germany). U48 was used
as the housekeeping gene. The primer sequences of miRNAs
are available in Supplementary file, Table S1.

Statistical analysis

Data are presented as mean+SD/SEM from at least
three biological replicates. Statistical significance was
assessed using one-way Analysis of Variance (ANOVA)
in GraphPad Prism software (GraphPad Software, USA).
*P<0.05, ** P<0.01, and *** P<0.001 were considered as
statistically significant.

Results

miRNAs with differential expression at early and late
differentiation days

First, we searched the GEO database for the keywords
miRNA, cardiomyocyte and cell cycle arrest. The initial
survey resulted in several datasets from which GSE35673
was selected due to similar in vitro cardiomyocyte
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differentiation  platform. To compare immature
(proliferating) and mature (non-proliferating) hESC-CM,
we picked days 14 and 45 of differentiation because in
vitro cardiomyocyte differentiation protocols result into
more mature cardiac cells by extending culture days. We
could use day 120 as mature cardiomyocytes, but day 45
was used to be equivalent to day 30 of our protocol which
showed non proliferating cells in our previous study." The
samples related to days 14 and 45 was assessed with respect
to normalization status (Figure 2A) which confirmed
suitable data distribution. Furthermore, uniform manifold
approximation and projection (UMAP) that estimates
a topology of the high-dimensional data by a non-linear
dimensionality reduction method, was used which results
reflected the proximity of data in the replicates of control
(day 10) and test (day 45) (Figure 2B). Differentially
expressed miRNAs were identified, which are listed in
Supplementary file 2 and visualized in Volcano plot (Figure
2C) and Venn diagram (Figure 2D). Based on adjusted
p value<0.05 and Log2 Fold change>|2|, significantly
upregulated and downregulated miRNAs were selected
and listed in Table 1.

The downregulated miRNAs were used in the rest of the
in silico analysis, because we aimed to introduce regulatory
miRNAs for cell cycle re-entry by gene overexpression
systems. The mRNA targets of downregulated miRNAs
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were identified using MirTarBase and the cell cycle-
related genes were determined by comparing target
mRNAs to the list of cell cycle genes obtained from
KEGG (Supplementary file 3). Furthermore, the
associated signaling pathways of cell cycle-related target
mRNAs (such as CULI, TAOKI, FASLG and APC2) were
determined using Enrichr as (i) Pathway in cancer, (ii)
Wnht signaling pathway, (iii) Hedgehog signaling pathway
(iv) MAPK signaling pathway, (v) Thyroid hormone
signaling pathway (vi) Dilated cardiomyopathy (Table 2).

Considering the frequency of cell cycle-related genes
among the target mRNAs of candidate miRNAs, we
categorized them in the following order: (1) miR-302: 21
cell cycle-related target mRNAs, (2) miR-373: 10 (3) miR-
371: 10, (4) miR-375: 5, (5) miR-122: 0.

Because-miR-122 did not have any target mRNAs
related to the cell cycle, it was removed from our list and
4 groups of miRNAs including group 1 (miR-302a, miR-
302b, miR-302¢, miR-302d), group 2 (miR-373), group 3
(miR-371-3p, miR-371-5p) and group 4 (miR-375) were
selected for further studies. During primer design for
candidate miRNAs of group 1 to 4, we found abundant
sequences between candidates which limited the
possibility of specific primer designs for each candidate.
Thus, we substituted miRNA-373 and miRNA-375 with
miRNA-372. The miRNA-372 did not shortlist in our
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Figure 2. Visualization of bioinformatics analysis. (A) BoxPlot related to the analyzed data, which includes three repeats of control (D10) and three repeats of
test (D45), and shows a uniform distribution of data all over control and test repeats. (B) UMAP plot showing complete separation of control and test data. (C)
Volcano plot showing upregulated and downregulated miRNAs in black and those with significant expression changes in red (Up) and blue (down). (D) Venn
diagram showing 85 common miRNAs with expression changes between control and test data
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Table 1. Significantly upregulated and downregulated miRNAs

ID Adjusted P value P value logFC miRNA_ID
Down-regulated miRNAs

ILMN_3167463 0.0108167 3.02E-04 -3.69027917 hsa-miR-373
ILMN_3167164 0.0145043 5.11E-04 -3.28807111 hsa-miR-371-3p
ILMN_3167547 0.0075609 1.87E-04 -3.22926361 hsa-miR-122
ILMN_3167229 0.0332343 1.99E-03 -3.17575333 hsa-miR-375
ILMN_3168586 0.0338695 2.13E-03 -3.08460139 hsa-miR-371-5p
ILMN_3166944 0.0458151 3.32E-03 -2.97823111 hsa-miR-302c
ILMN_3168322 0.0113157 3.46E-04 -2.97399056 hsa-miR-302b*
ILMN_3168595 0.0003018 2.37E-06 -2.67872278 hsa-miR-302d*
ILMN_3167474 0.0300407 1.71E-03 -2.384 hsa-miR-302a*
ILMN_3167386 0.040757 2.81E-03 -2.2723 hsa-miR-302d
Up-regulated miRNAs

ILMN_3167551 0.0004547 5.56E-06 4.9517475 hsa-let-7d
ILMN_3168365 0.0001183 6.20E-07 4.82217556 hsa-let-7g
ILMN_3168316 0.0000595 2.08E-07 4.36871 hsa-let-7i
ILMN_3167189 0.0011915 1.77E-05 4.27729861 hsa-let-7f
ILMN_3167970 0.0000243 2.30E-08 4.25894583 hsa-let-7b
ILMN_3167422 0.0075609 1.98E-04 4.09181 hsa-miR-98
ILMN_3168513 0.0000243 6.36E-08 3.81552944 hsa-let-7¢
ILMN_3167971 0.0002337 1.43E-06 3.61442222 hsa-let-7a
ILMN_3168710 0.0000765 3.34E-07 3.41608167 hsa-let-7d*
ILMN_3167105 0.0116751 3.67E-04 2.79325278 hsa-miR-208b
ILMN_3168724 0.0000243 5.65E-08 2.72172722 hsa-let-7i*
ILMN_3167652 0.0151889 6.17E-04 2.69868917 hsa-miR-452*:9.1
ILMN_3168180 0.0048193 9.68E-05 2.45632778 hsa-miR-378*
ILMN_3168711 0.0011915 1.76E-05 2.02899778 hsa-let-7e*

Blue color shows downregulated miRNAs and orange color depicts upregulated ones.

Table 2. Signaling pathways for cell cycle-related target mRNAs

Signaling pathway

Target mRNA

Pathway in cancer

ITGA6
PRKACB
APC2
COL1
FASLG

Wnt signaling pathway

APC2
PRKACB
COL1

MAPK signaling

FASLG
PRKACB
TAOK1

hedgehog signaling pathway

colL1
PRKACB

Thyroid hormone signaling pathway

PRKACB
THRB

Dilated cardiomyopathy

ITGA6
PRKACB

initial analysis because of adjusted p-value. However,
Log2 FC was greater than -2. Ultimately, primers were
designed for three candidates including miR-302d, miR-
371-5p and miR-372 (Table S1).

In vitro cardiomyocyte differentiation resembling heart
development

The adherent culture was employed to expand hESCs.
Figure 3A represents a brief overview of differentiation
protocol including static suspension culture for hESC
spheroid formation prior to differentiation, one day
CHIR treatment for mesendoderm induction, and two
days of 3 SMs (IWP2, SB and purmorphamine) for
cardiac progenitor cell derivation. Spontaneously beating
cardiomyocytes were observed at day 7 of differentiation
(D7) (Figure 3A). While the NKX2.5%cells were the
major population at day 4 cardiac progenitor cells,
cardiomyocytes expressed cTNT widely (Figure 3B).

Expression analysis of candidate miRNAs in
differentiated cardiomyocytes
We collected cardiomyocytes at DO, D10, D20 and D30 of
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Figure 3. Cardiomyocyte differentiation and characterization (A) Schematic diagram of differentiation protocol. (B) Immunofluorescence staining showing
NANOG expression at DO hESCs and cardiac troponin T (cTNT) expression at D30 of cardiomyocyte differentiation. ‘D’ day of differentiation

differentiation and assessed the expression of candidate
miRNAs. As shown in Figure 4A, the expression of
miRNA-302d decreased at DO, but showed an increasing
trend by extending culture days to D20 and D30. miRNA-
371-5p expression did not change at D10 compared to
DO, but increased at D20 and D30 (Figure 4B). While the
expression of miRNA-372 markedly increased at D10
of differentiation, a significant expression decrease was
observed atdays20 and 30. The significant downregulation
of miRNA-372 from D10 to D30 resembled the in silico
prediction (Figure 4C).

Discussion

The mammalian cardiomyocytes undergo cell cycle arrest
after birth which limit the cardiac regeneration and repair
after injury’ To investigate the unknown molecular
mechanisms of this process, we checked differentially
expressed miRNAs in proliferating and non-proliferating
hESC-derived cardiomyocytes. The common result of
in silico and in vitro assays identified miRNA-372 as a
downregulated miRNA, which might have a role in the
regulation of cell cycle arrest.

The cell cycle is a vital biological process, which supports
growth and regeneration.’ Some cell types lose their
proliferation ability after birth including cardiomyocytes
and neurons.® Several studies investigated the regulatory
proteins involved in this process.”? However, the
regulatory RNAs have been less studied. The microRNAs
may regulate the cell cycle post-transcriptionally.”

The miR-371-5p is in a cluster located on human
chromosome 19 and plays multiple regulatory roles,
including a rise in cancer cell proliferation and tumor

growth as well as regulating immune responses,
post-transcriptional  processes, and cardiomyocyte
proliferation. It has been shown that miRNA-371-5p
promotes tumor growth by regulating the ZNF749 gene
in pancreatic cancer cells.”® It also affects the activity
of immune cells such as macrophages and T cells and
regulates pathological processes such as inflaimmation
and fibrosis.'® In myocardium, it increases cardiomyocyte
proliferation by targeting the LATS1 and LATS2 in the
Hippo pathway."”

miR-302d is located on human chromosome 4 and has
regulatory roles in various human cell types, including
maintaining the stemness state of embryonic stem
cells, regulating the deletion of maternal transcripts,
and influencing the expression of important genes in
the stem cells such as OCT4 and NANOG." One study
demonstrated that miR-302d-3p can regulate the survival,
migration, and apoptosis of breast cancer cells through
the regulation of the TMBIM6-mediated ERK signaling
pathway."”

miR-372 is located on human chromosome 19 and has
multiple regulatory roles in various human cell types,
including regulating cancer cell proliferation by reducing
LATS2 gene expression, regulating the cell cycle, and
preventing uncontrolled cell proliferation.” It regulates
apoptosis and immune responses by influencing the
activity of immune cells such as macrophages and T cells,
and regulates post-transcriptional processes to maintain
homeostasis and function of various cells.* It was shown
that dysregulation of miR-372-5p expression plays an
important role in the development of gastric cancer.”
Furthermore, upregulation of miR-372-5p increased
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Figure 4. Expression analysis of candidate miRNAs in hESC-derived cardiomyocytes. qRT-PCR analysis comparing the expression of three miRNA candidates
(miRNA-302d, miRNA-371-5p and miRNA-372) at days 0 D0), 10 (D10), 20 (D20) and 30 (D30) of differentiation. miRNA-372 was significantly downregulated
from D10 to D30, being coherent with the in silico predictions. Data are presented as mean+SEM (n=3); *P<0.05, ** P<0.01 (One-way ANOVA)

CDX2 and decreased CDX1 expression, while inhibition
of miR-372-5p reversed this expressional change.

Among the three miRNA candidates, only miRNA-372
resembled the in silico expression pattern. This controversy
might originate from a slightly different differentiation
protocol used for generation of GSE35672 dataset, lack of
a selection step and heterogeneity of cell population.

Conclusion

In conclusion, this study introduced miRNA-372 as a
possible regulator of cardiomyocyte cell cycle arrest. Given
that post-natal cardiomyocytes stop the cell cycle, the
heart regeneration faces a significant challenge. Therefore,
it is imperative to gain knowledge on the regulators of this
process on multiple levels of proteins and RNAs, in order
to re-stablish the cell cycle after cardiomyocyte injury.
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