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into cardiac regeneration based on differential fetal and adult ovine
heart transcriptomic analysis. Am J Physiol Heart Circ Physiol 318:
H994-H1007, 2020. First published March 13, 2020; doi:10.1152/
ajpheart.00610.2019.—The adult mammalian cardiomyocyte has a
very limited capacity to reenter the cell cycle and advance into
mitosis. Therefore, diseases characterized by lost contractile tissue
usually evolve into myocardial remodeling and heart failure. Analyz-
ing the cardiac transcriptome at different developmental stages in a
large mammal closer to the human than laboratory rodents may serve
to disclose positive and negative cardiomyocyte cell cycle regulators
potentially targetable to induce cardiac regeneration in the clinical
setting. Thus we aimed at characterizing the transcriptomic profiles of
the early fetal, late fetal, and adult sheep heart by employing RNA-seq
technique and bioinformatic analysis to detect protein-encoding genes
that in some of the stages were turned off, turned on, or differentially
expressed. Genes earlier proposed as positive cell cycle regulators
such as cyclin A, cdk2, meis2, meis3, and PCNA showed higher
expression in fetal hearts and lower in AH, as expected. In contrast,
genes previously proposed as cell cycle inhibitors, such as meisi, p16,
and savl, tended to be higher in fetal than in adult hearts, suggesting
that these genes are involved in cell processes other than cell cycle
regulation. Additionally, we described Gene Ontology (GO) enrich-
ment of different sets of genes. GO analysis revealed that differen-
tially expressed gene sets were mainly associated with metabolic and
cellular processes. The cell cycle-related genes fam64a, cdc20, and
cdkl, and the metabolism-related genes pitx and adipog showed
strong differential expression between fetal and adult hearts, thus
being potent candidates to be targeted in human cardiac regeneration
strategies.

NEW & NOTEWORTHY We characterized the transcriptomic
profiles of the fetal and adult sheep hearts employing RNAseq
technique and bioinformatic analyses to provide sets of transcripts
whose variation in expression level may link them to a specific role in
cell cycle regulation. It is important to remark that this study was
performed in a large mammal closer to humans than laboratory
rodents. In consequence, the results can be used for further transla-
tional studies in cardiac regeneration.
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INTRODUCTION

Cardiovascular disease is the leading cause of death world-
wide (54). In conditions characterized by extensive contractile
cell loss, like myocardial infarction, the remaining viable
myocardium is progressively substituted by connective tissue,
a process known as myocardial remodeling. Because the rate of
resident cardiomyocyte (CM) proliferation is low and insuffi-
cient to replace the lost ones, cardiac function decreases and
heart failure develops (60). Currently, the only therapeutic
option for patients with end-stage symptomatic heart failure
despite maximal pharmacological treatment is heart transplan-
tation (79). Therefore, cardiac regeneration has emerged as a
fundamental scientific objective (63), and several approaches,
the majority of them based on stem cell implantation, are being
tested in animal models (21, 34) and clinical trials (38, 53).

An alternative approach would be to induce the adult cardi-
omyocytes to reenter the cell cycle and advance into mitosis
and cytokinesis. This requires identifying pro- and anti-mitotic
regulatory RNAs (23), proteins, hormones, and other metabo-
lites involved in proliferation pathways (49, 50). Once identi-
fied, these molecules may be targeted to achieve efficient yet
regulated cardiomyocyte cell cycle reentry (75). This approach
would, on one hand, circumvent drawbacks associated with
stem cell-based regeneration therapies such as cell survival and
engraftment and, on the other hand, preserve electromechanical
coupling of the new cells within the physiological syncytium.

In fetal sheep, CMs actively replicate until around day 100
of gestation. From this time point and until term (day 145 of
gestation), CMs progressively differentiate, become binucle-
ated, and exit the cell cycle (65). To enhance the reliability of
extrapolating the experimental results to the human, it is
convenient to use large mammalian models, whose features, in
terms of lifespan, size, gestation time, and hemodynamic
variables, among others, are closer to humans than those of
laboratory rodents. Among large mammalian models of heart
disease, sheep exhibit several advantages, such as its CM’s
nuclei (1 to 4), which resemble human’s more than pig’s (1 to
32 nuclei), a slower growth rate than the pig, and the fact that
sheep reach maturity at ~25 kg of weight, avoiding misinter-
pretations in chamber dimensions along follow-up (35).
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FETAL VERSUS ADULT OVINE HEART TRANSCRIPTOME

In this work, we report the bioinformatic analysis of the
whole mRNA transcriptome of the ovine heart at two points of
development [90-day gestation fetuses (early fetal heart, EFH)
and 130-day gestation fetuses (late fetal heart, LFH)] and in
adult sheep (adult heart, AH), providing a comparative analysis
of the variation in gene expression with a focus in cell cycle
regulation pathways. This analysis provides putative RNA
biomarkers for each time point of the heart development
assessed as well as possible targets for therapies aimed at
cardiac regeneration based on cardiomyocyte proliferation.

MATERIALS AND METHODS

Ethics statement. All experimental animal procedures were carried
out in accordance with the Guide for Care and Use of Laboratory
Animals published by the National Institutes of Health (NIH Publica-
tion No. 85-23, revised 1996) and approved by the Laboratory Animal
Care and Use Committee (CICUAL) of the Favaloro University.

Animals and sample collection. Corriedale healthy 2 yr-old young
adults (n = 3; 2 males and 1 female) and fetal sheep of two gestational
ages from healthy young pregnant female sheep (90 days of gestation,
n = 3, all males; and 130 days of gestation, n = 3, all females) were
euthanized with a propofol overdose (Fresenius Kabi Austria, Graz,
Austria) and a bolus injection of potassium chloride. The fetuses were
surgically obtained through a standard C-section. The young adults
and the pregnant sheep were acquired in a local breeding farm
(Estancia San Julian S.A., Entre Rios, Argentina), where the gestation
follow-up was performed by echography. The thorax was immediately
opened, and the heart was excised and weighted. Samples from the
left ventricle were collected and immediately frozen in liquid nitro-
gen. Samples were stored at —70°C until their use for RNA isolation.
Experimental groups were identified as early fetal heart (EFH), late
fetal heart (LFH), and adult heart (AH), each containing three bio-
logical replicas from three different animals (R1, R2, and R3).

The sex was determined through visual inspection and confirmed
by quantitative PCR (qPCR) using primers to detect SRY gene
(forward: 5" CAGACAATCATAGCGCAAACG 3'; reverse: 5" GCT-
GCTCTCCCTAACATTTTCC 3").

RNA isolation, library generation, and sequencing. Total RNA
isolation from tissue samples was performed using AllPrep DNA/
RNA/miRNA Universal Kit (Qiagen, Hilden, Germany), following
the manufacturer’s protocol. For mRNA isolation, a PolyATtract
mRNA Isolation System (Promega, Madison, WI) was used, follow-
ing the manufacturer’s instructions, and stored at —20°C. The ob-
tained mRNA was immediately certified and quantified by using 2100
Bioanalyzer Instrument and Agilent 2100 Expert Software (Agilent
Technologies). The samples with an RIN of ~8 were considered
adequate for sequencing. Aliquots of mRNA (n = 9; 3 for each
timepoint) were delivered to Macrogen Inc. (Seoul, South Korea) for
cDNA library construction (TruSeq RNA Sample Prep Kit v2) and
Next Generation Sequencing using an Illumina Hiseq4000 platform
(100-bp paired-end lane, 550 million reads/lane).

Data processing and analysis. Raw reads of RNA-seq (fastq files)
were checked to analyze the quality of them using FastQC (version
0.11.5) (4), and the transcription integrity analysis was performed
using the TIN program of the Mississippi Galaxy server (https:/
mississippi.snv.jussieu.fr/). The transcriptome of Ovis aries (Texel)
version 4.0 (GCF_000298735.2; 49.705 transcripts) was downloaded
from NCBI (https://www.ncbi.nlm.nih.gov/) and filtered to have
mRNAs, partial mRNAs, and misc RNAs and then employed as a
reference for bioinformatics studies.

The transcript abundances in each experimental sample were
shown as “transcripts per million” (TPMs), according to the Salmon
pipeline (Galaxy server, https://usegalaxy.org/), with standard param-
eters and Type index = fmd. (47). The TPM values were then nor-
malized according to the corresponding TPM value of GAPDH
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mRNA of each replica (TPMn). To facilitate the mathematical anal-
ysis, TPMn values lower than 1E~5 (equivalent to 5 reads) were
replaced by a pseudocount value (1E77).

For each transcript, when at least two replicas of each experimental
group were over 1E7>, the gene was classified as ON. When this
condition was not achieved, the gene was classified as OFF. For the
genes classified as ON, the TPMn values of replicas in each group
were used to calculate the average and standard deviation. This
analysis allowed for the generation of a database containing all the
genes expressed in the three experimental groups. With this, each
gene status was determined according to whether it was expressed in
one, two, or the three experimental groups. This made it possible to
select sets of genes with exclusive expression in an experimental
group and others shared between any of the experimental groups. A
similar analysis was carried out for the genes previously classified as
OFF.

In sets of shared expressed genes, for each of the members, the
tendency was inferred using ANOVA-Bonferroni statistical analysis,
allowing us to classify them according to the expression level in each
experimental group (29).

All of the analyses were performed using filters in Microsoft Excel
(2010) datasheets and/or ad hoc scripts.

Gene ontology analysis. The previously obtained gene sets as well
as the turned-off genes in the three experimental groups were ana-
lyzed using the server of the PANTHER Classification System (http://
www.pantherdb.org/) for Gene Ontology (GO) classification (41). A
functional classification centered in biological processes and based in
the human classification of gene function was performed. Addition-
ally, an analysis to assess the functional enrichment level of each GO
term was carried out using the functional annotation clustering tool of
DAVID server (https://david.ncifcrf.gov/tools.jsp). For this, the bio-
logical process category and Ovis aries as a species were selected. The
GO terms having P values (enrichment score) of <0.05 were then
selected for the illustration as heat maps, using the Heatmap2 program
from Galaxy server (https://usegalaxy.org).

Reverse transcription and real-time PCR. For each sample, an
aliquot of the first total RNA purification was taken and reverse tran-
scription (High Capacity cDNA Reverse Transcription Kit; Applied
Biosystems, Foster City, CA) performed. Real-time PCR (SYBR Select
Master Mix; Applied Biosystems) was then carried out (StepOne PCR
Real Time System; Thermo Fisher) using sheep-specific primers ad hoc
designed to quantify gene expression of cyclin A (forward: 5'-TT-
GATAGGTTTCTTTCATCCATGTCT-3'; reverse: 5'-GCAGCAGT-
GCCCACAAGTT-3'), cdk2 (cyclin-dependent kinase 2; forward: 5'-
AAGATCGGAGAGGGCACGTA-3'; reverse: 5'-CCACTTCTCCCG-
TCAACTTGTT-3"), meis2 (myeloid ecotropic viral integration site 2;
forward: 5'-GGGCACCCGTTGTTTCC-3"; reverse: 5'-TCGCCAGC-
TCGCACTTCT-3"), meis3 (myeloid ecotropic viral integration site 3;
forward: 5'-CATGAGAGCCTGGTTGTTCCA-3'; reverse: 5'-GCGC-
CAGCTGTTTCTTCTG-3"), meisl (myeloid ecotropic viral integration
site 1; forward: 5'-AACTGACCAGCCCTCTTGGA-3'; reverse: 5'-GC-
CATCACCTTGCTCACTGC-3"), pi16 (cdkn2aip; forward: 5'-TGGCT-
GAAGGCATCAAAGTG-3'; reverse: 5'-GCAACCAGTTCGTCTCT-
TGTGA-3'), savl (salvador 1; forward: 5'-CGGCACGGTCCAA-
CAATT-3'; reverse: 5'-CATTAGCGCTTGAATCTGGAAGA-3'),
nkx2.5 (nk2 homeobox 3; forward: 5'-CCTGCCAAGGACCATCGA-3';
reverse: 5'-TCCAGTTCCACCGCCTTCT-3"), aldolase (forward: 5'-
CCTCTCCTGTGCCAGGAACT-3'; reverse: 5'-TGGTAGAGCGT-
CTCGTGGAA-3"), enolase (forward: 5-TAAAACTATTGCGCCT-
GCCC-3'; reverse: 5'-CTTGTTGCCAGCATGAGAGC-3"), Idhb (lac-
tate dehydrogenase b; forward: 5'-TTTCAGGGCACAATGGCAAC-3';
reverse: 5'-CCTGCAGTTACCACCACGAT-3"), ppargcla (peroxi-
some proliferator-activated receptor-y coactivator la; forward: 5'-
CAAACTTGCTAGCGGTCCTC-3'; reverse: 5'-TAGCCTCATTCT-
CGGTGGTC-3"), adipog (adiponectin; forward: 5'-GGCTGTGGAC-
CTTTTCCAGT-3'; reverse: 5'-ATGCTTGGTGAAGGCCAGTT-3"),
pitx (paired-like homeodomain; forward: 5'-CTTTGGAGCTTGGA-
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Table 1. Experimental groups and sample characteristics

FETAL VERSUS ADULT OVINE HEART TRANSCRIPTOME

Experimental Library No. of No. of Ovine Left Ventricle
group Tissue Type Libraries Total Reads Individuals Weight, kg Weight, g
EFH Heart muscle (left ventricle) =~ mRNA 1 >76 million paired-end reads per replica 3 143 £0.3 4.54 =09
LFH Heart muscle (left ventricle) = mRNA 1 >59 million paired-end reads per replica 3 221 0.6 6.55 £ 1.4
AH Heart muscle (left ventricle)  mRNA 1 >73 million paired-end reads per replica 3 3475 = 4.1 9344 =53

Values are means = SE. AH, adult heart; EFH, early fetal heart; LFH, late fetal heart. The ovine weight and the left ventricle weight values correspond to

the averaged weight of the 3 replicas in each experimental group.

AGCCTG-3'; reverse: 5'-AAGTCAGCGGGTCAATGGAG-3'), and
PCNA (proliferating cell nuclear antigen; forward: 5'-GAGGGCTTC-
GACACTTACCG-3'; reverse: 5'-TGCCAAGGTGTCCGCATTAT-3")
using the following thermal profile: 10" at 95°C (1 cycle), 15" at 95°C,
and 1" at 60°C (40 cycles). The constitutive GAPDH (glyceraldehyde-3-
phosphate dehydrogenase; forward: 5'-TCTTCCAGGAGCGAGATCC-
3’; reverse: 5'-TGAGCCCCAGCCTTCTCC-3") RNA was used in each
reaction as internal standard.

For each gene, a calibration curve was generated, and analysis was

performed using the 2" method (29, 33, 58).

Histology. The hearts of each fetus (n = 6) and adult (n = 3) were
excised, the atria and the right ventricle were removed, and the left
ventricle was opened along the posterior interventricular sulcus. A
myocardial sample measuring ~1 cm? was isolated and put in 4%
formaldehyde at room temperature for 24 h. The fixed samples were
next embedded in paraffin and cut into 4-pwm sections. For immuno-
histochemistry, tissue sections were deparaffinized and brought to
PBS solution (pH 7.2). Endogenous peroxidase was blocked with 3%
H>0, in methanol, antigens were retrieved with citrate buffer pre-
treatment in a microwave oven, and sections were incubated for 1 h
with specific monoclonal antibodies according to published guidelines
(5, 25) against PCNA (Biogenex, Fremont, CA) and against the cell
cycle marker K;-67 (Roche, Basel, Switzerland). Subsequently, sec-
tions were incubated with an anti-sarcomeric «-actin antibody
(Sigma-Aldrich, St. Louis, MO). Biotin/streptavidin peroxidase was
used as detection system and DAB chromogen as marker. All slices
undergoing immunohistochemistry were counterstained with hema-
toxylin. Slides were analyzed under an optic microscope, and pictures
were taken using a Micrometrics camera and software.

Statistical analysis. For intergroup comparisons, statistical analysis
was performed using one-way ANOVA-Bonferroni. Results are ex-
pressed as means = SD. For several analyses, the standard deviation
was expressed as percentage of the mean for each TPMn (dispersion).
Values of P < 0.05 were considered indicative of statistically signif-
icant differences (29).

RESULTS

RNA-seq data analysis. More than 59 million paired-end reads
per RNA-seq’s sample of ovine hearts that successfully passed the
FastQC’s analysis were obtained (Table 1). A transcript integrity
analysis (TIN) was performed (Supplemental Fig. S1; available at
https://doi.org/10.6084/m9.figshare.11764458).

With these data, a curated Ovis Aries reference transcrip-
tome (containing 44,786 transcripts) and Salmon pipeline (47),
the expression values in TPMs (transcripts per million), were
determined for each protein-encoding gene, and then they were
normalized with respect to TPM value of GAPDH mRNA
(TPMn) (Fig. 1).

To provide a general view of the results, non-normalized
TPM data from each replica in each experimental group (EFH,
LFH, and AH) were represented in a plot considering the
transcript length (Fig. 2).

The different replicas of each experimental group showed a
similar pattern containing transcripts with effective length

ranging from 128 to 16,384 nucleotides (log, 7-14). An ex-
ception was Titin (TTN) and its transcriptional variants that
have an approximate length of 131,072 nucleotides. The pro-
tein Titin is a molecular marker found at higher concentrations
in the heart and skeletal muscle when compared with other
tissues and has an important role in the organization and
development of the sarcomere (26). Titin, a huge protein (3 to
4 MDa), takes part in the generation of passive force during
skeletal muscle stretching (31). This protein works by directly
or indirectly contributing and modulating active tension. It was
also reported that Titin conformational changes can regulate
several myocyte intracellular signaling events such as changes
in protein degradation or synthesis rates (30). For this reason,
having detected the Titin transcript in all the samples is an
appropriate control that they contain cardiac muscle.

The transcripts were classified in non-detected (OFF) and
detected (ON) categories in each experimental group using the
TPMn values (Fig. 3). The amount of genes that were classified
as OFF in the two fetal stages was similar, in contrast to AH,
which showed 22% more turned-off genes with respect to the
reference transcriptome.
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Fig. 1. Chart summarizing the analysis performed using RNAseq data from
ovine hearts. AH, adult heart (n = 3; 2 males and 1 female); EFH, early fetal
heart (n = 3; all male); LFH, late fetal heart (n = 3; all female); R, replica;
TPMn, normalized TPM with GAPDH mRNA level.
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Fig. 2. Correlation between transcripts per million (TPM) abundance and transcript length. A: early fetal heart (EFH; n = 3, all males). B: late fetal heart (LFH;
n = 3, all females). C: adult heart (AH; n = 3, 2 males and 1 female). Replicas of each experimental group are shown in different colors. The highlighted black
circles show the 5 variants of Titin (TTN) gene. Only to make this plot clearer, transcripts with a TPM equal to zero were arbitrarily assigned to the value 1E~'!.

Although the sheep taking part in this experiment belonged
to the same breed, the genetic homogeneity is not as high as in
a laboratory rodent. However, the 83—-85% of the genes clas-
sified as ON was detected in the three replicas of each exper-
imental group.

Additionally, a global analysis of TPMn dispersion values
was carried out (Fig. 4A). The analysis revealed that most of
the averaged TPMns show dispersion values of less than
20%. Besides, when analyzing the expression levels of five
Titin transcriptional variants, it was observed that the three
experimental groups showed similar values (Fig. 4B). These
results strongly suggest that the three replicas of the differ-
ent gestational ages are comparable and that they have the
same general pattern than the global transcriptome, thus
containing the same type of data with both similar charac-
teristics and information.

Analysis of differential expression. Most of the transcripts
classified as ON are shared in the three experimental groups
(Fig. 5A). Particularly in EFH and LFH, 79% of the transcripts
(21,585 of 27,196 and 27,258, respectively) are shared in the
three stages, whereas in the AH 92% of the genes (21,585 of
23,377) are expressed in the other stages. Most of the 21,585
shared transcripts consistently showed low dispersion values
(Supplemental Fig. S2; available at https://doi.org/10.6084/
m9.figshare.9992267).

Moreover, this analysis revealed sets of genes exclusively
expressed in a particular experimental group, turning them into
“putative RNA biomarkers for these development timepoints.”
Thus, in the EFH, 6% of the transcripts (1,641) were unique,
whereas in the LFH they were 5.5% (1,506), and in the AH

= ON mOFF
50,000

45,000
40,000
35,000
30,000
25,000
20,000
15,000
10,000

5,000

0

Number of transcripts

EFH LFH AH
Fig. 3. Presence (ON)/absence (OFF) of Ovis aries transcripts in the 3
experimental groups. AH, adult heart (» = 3, 2 males and 1 female); EFH,
early fetal heart (n = 3, all males); LFH, late fetal heart (n = 3, all females).

only 2.8% (655) of the transcripts were exclusively expressed
(Supplemental Table S1; available at https://doi.org/10.6084/
m9.figshare.9992216).

The transcripts that were detected in only one of the exper-
imental groups could be considered a signature of that devel-
opment time point (EFH, LFH, AH) for the analyzed samples
(sheep cardiac left ventricle). Although validation in a larger
number of animals (and its subsequent correlation with equiv-
alent samples in other animal models and in humans) is
needed, these lists of filtered genes help to narrow down the
search for encoding sequences exclusively expressed in certain
physiological conditions of large mammalian hearts. More-
over, proposing biomarkers that reflect physiological states of
the heart can be useful to understand its biology and to
diagnose potential pathological processes when the “signature”
of transcripts does not coincide with that of a healthy physio-
logical state.

Among transcripts shared by only two experimental groups,
most of them were differentially expressed (87% of 3,500
transcripts between EFH and LFH, 91% of 667 transcripts
between LFH and AH, and 92% of 470 between EFH and AH)
(Fig. 5A and Supplemental Table S2; available at https://
doi.org/10.6084/m9.figshare.9992213).

Among transcripts shared by the three experimental groups,
there are 54% (11,703 of 21,585) that have similar levels of
expression, but the rest of them show significantly different
tendencies allowing for subclassifications, turning them into
“RNA biomarkers of expression levels at certain developmen-
tal timepoints” (Fig. 5B and Supplemental Table S3; available
at https://doi.org/10.6084/m9.figshare.9992219). After a thor-
ough analysis, the seven subsets were characterized according to
expression level pattern among the three experimental groups
(EFH = LFH = AH, EFH > LFH > AH, EFH < LFH < AH,
EFH = LFH > AH, and EFH = LFH < AH; Fig. 6).

This study also identified whether OFF transcripts were the
same or unique for each experimental group (Fig. 5C and
Supplemental Table S4; available at https://doi.org/10.6084/
m9.figshare.9992225).

GO term enrichment analysis. GO analysis revealed that
genes uniquely expressed in one of the three experimental
groups or differentially expressed among stages were associ-
ated mainly with cellular processes (GO:0009987) and meta-
bolic processes (GO:0008152). (Fig. 7, A and C).
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Fig. 4. Distribution of normalized transcripts per million with GAPDH mRNA level (TPMn) dispersion. In the 2 histograms, black, light gray, and dark gray
bars correspond to early fetal heart (EFH; n = 3, all males), late fetal heart (LFH; n = 3, all females), and adult heart (AH; n = 3, 2 males and 1 female),
respectively. A: global distribution of standard deviation expressed as %mean for each TPMn. B: expression levels of the 5 transcriptional variants (tv; the 5
variants are listed as X1, X2, X3, X4, and X5) of Titin (TTN) gene. Standard deviation is shown as error bars.

Inside the cellular processes classification it was possible to
identify a subset of genes related to cell cycle (GO:0007049),
corresponding to 9.6% in EFH and 12.4% in both LFH and AH
(Fig. 7B and Supplemental Table S5; available at https:/
doi.org/10.6084/m9.figshare.9992222).

GO analysis was also performed for the set of transcripts
classified as OFF. The genes in this classification for all of the
combinations of experimental groups are mainly in the meta-
bolic processes (GO:0008152) and biological regulation clas-
sifications (GO:0065007). (Fig. 7D).

Additionally, an analysis to evaluate the functional enrichment
level of each GO term was carried out. For this, the biological

A

Fig. 5. Transcript subclassification according to ON/
OFF status among experimental groups. A: Venn
diagram showing the distribution of ON transcripts.
Pie plots indicated with arrow show the distribution
of transcripts shared by 2 experimental groups ac-
cording to expression levels. B: pie plot showing the
transcripts classified as ON in the 3 experimental
groups, according to expression level variations. C:
Venn diagram showing the distribution of the OFF
transcripts. E = early fetal heart (EFH; n = 3, all
males); L = late fetal heart (LFH; n = 3, all fe-
males); A = adult heart (AH; n = 3, 2 males and 1
female).

process category and Ovis aries as species were selected and
results expressed as heatmaps (Fig. 8 and Supplemental Fig. S3;
available at https://doi.org/10.6084/m9.figshare.11764563). This
analysis revealed the predominant expression of genes associated
with cell division and development in fetal stages. Particularly,
EFHs differentially express genes associated with cytokinesis
(GO:0000910), cell division (GO:0051301), and mitotic chromo-
some condensation (GO:0007076), whereas LFHs differentially
express genes related to post-embryonic development (GO:
0009791), and both express genes linked to smooth muscle tissue
development (GO:0048745), DNA replication (GO:0006260),
and growth (GO:0040007) in similar levels.
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Evaluation of gene expression by RT-qPCR and histology. In
view of the aim of this study, a group of genes profusely
associated with cell cycle regulation were selected and their
expression levels quantified by RT-qPCR employing the same
total RNA used for the RNAseq (Fig. 9). The genes included
cyclin A, cdk2, meis2, meis3, meisl, pl6 (cdkn2aip), savl,
nkx2.5, and PCNA. The results showed that through both
methods there was a similar tendency in expression variation
for all the analyzed genes when compared with the global
RNAseq assay.

Particularly, the genes with a proposed function as cell
cycle-positive regulators [cyclin A, cdk2, meis2, meis3, and
PCNA (59, 61, 62, 74)] showed a higher expression level in
fetal hearts and a lower expression in AH. Unexpectedly, genes
proposed as cell cycle inhibitors [meisl, pl6, and savl (20,
37)], all of which showed consistent expression levels with
both methods, tended to be higher in fetal than in adult hearts.
It is important to note that although cell cycle promoters are
almost not detectable in the AH, when analyzing the inhibitors
there is a considerable level of expression in the same stage.
These results suggest that the genes proposed as inhibitors are
involved in several other cell processes, and not only cell cycle
regulation and/or their biological role vary among different
animal species.

Taking into account that cellular metabolic pathways change
during development (12), a set of key genes was also studied
by RT-qPCR (ldhb, aldolase, enolase, ppargcla, pitx, and
adipoq). Results showed a tendency similar to RNAseq assess-
ment, highlighting the upregulation observed in fetal stages for
pitx and adipoq genes (Fig. 10).

The histological analysis of EFH, LFH, and AH slides showed
that the positive cell cycle regulator PCNA is present at higher
levels in EFH (110 = 48 positive nuclei/mm?) with respect to
LFH (43 * 37 positive nuclei/mm?, P < 0.05), while no PCNA

was detected in AH tissues, consistently with the cell cycle marker
K:-67 in cardiomyocytes (EFH: 196 = 68 positive nuclei/mm?,
LFH: 96 = 39 positive nuclei/mm?, and AH: 2 = 1 positive
nuclei/mm?, P < 0,5) (Supplemental Fig. S4; available at https://
doi.org/10.6084/m9.figshare.11764695).

DISCUSSION

The expression of genetic information toward proteins, the
players that direct biological functions in cells, can be inter-
preted through the study of actively synthesized transcripts
from different physiological/pathological situations. It is
known that during heart development significant changes occur
in different aspects such as growth, cell proliferation, function,
and other metabolic characteristics. Accordingly, in this study
the transcriptome profiles (RNAseq) of the sheep heart were
characterized in three stages: adult (non-proliferative differen-
tiated CMs) and fetus of two gestational ages (both prolifera-
tive CMs in process of differentiation) (28). This comparative
transcriptomic analysis can provide information on varying
levels of expression of specific transcripts that, in turn, can be
used as possible targets in cardiac regeneration strategies.

RNAseq is a widely employed technique because it is highly
informative, quantitative, and reproducible (29, 44, 70, 81), as
it has been previously reported in sheep and other animal
species (6). The assessment of data from transcriptomic anal-
ysis focused on proliferation and cell cycle regulators specifi-
cally in CMs should derive from the processing and disruption
of whole cardiac tissue and CM isolation. However, as it is
methodologically complex to separate CMs from the rest of the
cells conforming the cardiac tissue without altering the expression
profile, most published studies (3, 77, 80) either provide informa-
tion resulting from the expression analysis of mRNA from whole
heart or separate CMs following enzymatic protocols that take
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several steps of tissue desegregation, at the risk of affecting and
modifying the mRNA pool of the cells (83). It is important to take
into account that the samples employed in this study come from
an isolated portion of sheep hearts, so the variations in gene

Percent of gene hit against total # genes

expression can come from physiological changes along develop-
ment of the cells that conform the tissue, but they can also be
caused by physiological changes in the diversity and proportion of
cells in the sample. Taking these facts and limitations into ac-
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Fig. 9. Quantification of cell cycle gene expression by RT-quantitative (q)PCR. The dot/whisker plots on the left correspond to the qPCR analysis (2"24¢%) and
the ones on the right to RNA-seq quantification [normalized transcripts per million with GAPDH mRNA level (TPMn)]. Each transcript is indicated above the
histogram. AH, adult heart (n = 4 for qPCR, 2 males and 2 females; and n = 3 for RNAseq, 2 males and 1 female); EFH, early fetal heart (n = 4 for gPCR
and n = 3 for RNAseq, all males); LFH, late fetal heart (n = 4 for PCR and n = 3 for RNA-seq, all females). Error bars: standard deviation. P = not significant

(NS). *P < 0.05; **P < 0.01; ***P < 0.001.

count, in this study the whole cardiac tissue was employed to
provide the analysis of the heart trancriptomes.

Mammalian organs are made up of different cell types that
act in coordination to support physiological functions. In some

way, each organ can be considered as an ecosystem that, due to
transient or chronic alterations in environmental conditions or
in its components (new invading cells of the same organism or
their own cell types that increase their proportion in detriment
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not significant (NS). *P < 0.05; **P < 0.01.

of others), can lead to pathological states that, over time,
impact on the entire body. Because gene transcription analysis
is an important tool to evaluate organic functions and the
dynamics of biological responses to diverse situations and
stresses (age and development, circadian cycle, hormonal in-
fluence, inflammation, ischemia, infections, oncological pro-
cesses, etc.), experimental studies enabling global RNAseq-
based analyses of transcripts derived from a biomass have
become a central tool in life sciences (40).

Currently, there is debate on whether the biomass to be
interrogated should be a portion of the organ (bulk RNAseq)
(80), each cell type separately (single-cell RNAseq) (39, 52,
73), or the nuclei of each cell type (single-nucleus RNAseq)
(13, 22, 24). The individual study of each of the cell popula-
tions that build a complex organ can provide a greater degree
of precision in the analysis of the dynamics of gene expression
and cell diversity and specialization. However, as previously
mentioned, the methodological procedures that allow the de-
construction of a biomass in its component cells usually take a
long time and are not always completely possible (some cells
of an organ are more dissociable than others), and, most
importantly, they can result in stresses that change and skew
the type and relative number of transcripts detected (67). On
the other hand, single-nucleus RNAseq approaches, although
partially able to circumvent the problem mentioned above,

reduce the available information to only what is in the cell
nucleus. Therefore, the bulk RNAseq applied on an organ in
different conditions (in the present study, different stages of
heart development) is a suitable initial experimental approach
to explore differential gene expression because it contains all
RNAs present in the biomass (both nuclear and cytoplasmatic)
without bias attributable to laboratory stressors. This approach
resembles a meta-transcriptomic study such as that performed
in environmental samples where the emergence of biological
properties is a cause of their biological diversity and cross talk
(2). Thus, the type of analysis used in the present study
provides a good initial picture of the mammalian heart devel-
opment, highlighting the importance of some genes decisive
for activating (fetal stages) or arresting (adult stage) the car-
diomyocyte cell cycle, which can then be studied in greater
depth by the other RN Aseq approaches mentioned, as well as
by traditional molecular methods of individual monitoring.
Regarding the animal model employed, in large mammals
such as sheep, usually used as farm animals, there are consid-
erable differences among individuals even of the same breed,
unlike laboratory rodents, which show important similarities in
genetic background. This fact may affect the robustness of the
biological data derived from different experimental replicas.
However, the results derived from replicas in this study show
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a high consistency on account of very low dispersion observed
among them for each detected gene.

This study provides a classification of transcripts, allowing
for the discovery of sets of genes that are uniquely expressed
in specific time points of ovine heart development, and which
constitute putative RNA biomarkers of these development time
points.

By the use of the gene ontology analysis, it was possible to
select groups of transcripts associated to cell cycle regulation.
Several transcripts were found only in EFH, including cdca3
(cell division cycle-associated protein 3), a gene proposed as a
mediator of the ubiquitination and degradation of WEE] kinase
at G2/M phase (1); myog (myogenin), proposed as a transcrip-
tional activator of muscle-specific target genes collaborating in
cell differentiation (19); mapre2 (microtubule-associated pro-
tein RP/EB family member 2), presumably involved in micro-
tubule dynamics associated with centrosomes (68); and lin54
(protein lin-54 homolog), encoding a protein that forms a
complex that activates or represses the cell cycle, modulating
hundreds of genes (32,57). Other transcripts were exclusively
found in LFH, such as ¢dk20 (cyclin-dependent kinase 20), a
CDK?2 activator (61); cinp (cyclin-dependent kinase 2-interact-
ing protein), proposed to have an important role as cyclin
activator (14); fign (fidgetin), regulating microtubule dynamics
from the mitotic spindles (45); usp9x (probable ubiquitin car-
boxyl-terminal hydrolase FAF-X), which regulates the chro-
mosome segregation and alignment in mitosis, its expression
being associated with undifferentiated cells (46); and ks6a3
(ribosomal protein S6 kinase «-3), an inhibitor of G1 phase
progression (8). Finally, some transcripts were expressed only
in the AH, such as radl7 (cell cycle checkpoint protein
RADI17), which plays a role in the maintenance of chromo-
somal stability (among other functions) (51), and ¢8ndn9
(RCC1 and BTB domain-containing protein 1), which is linked
to chromatin remodeling (36). It is important to note that many
of the transcripts exclusively expressed in each of the three
experimental groups still lack an identity and a proposed
function, making it possible to find among them several other
transcripts with an important role in cell cycle.

Gene ontology analysis was also performed for the tran-
scripts shared in the three experimental groups but having
significant variation in expression levels among them. Espe-
cially interesting is the group of transcripts that were enriched
in fetal stages because they might be associated with cell
proliferation pathways. One of these transcripts is fam64a
(family with sequence similarity 64 member A isoform 1). This
gene was recently proposed as a relevant cell cycle regulator in
hypoxic fetal cardiomyocytes in mice (18). These authors
found that the protein Fam64a had a nuclear location and that
its expression level dramatically decreased by oxygen exposure
in cell culture and in neonatal cardioyocytes after birth follow-
ing the first breath. Interestingly, the sheep heart showed the
same pattern in Fam64a expression, with a high expression
level in EFH and a statistically significant decrease in LFH and
AH (100-fold increase in fetal versus adult heart). These results
highlight Fam64a as a key regulator of cardiomyocyte cell
cycle in mammals. Additionally, recent evidence showed that
Famo64a overexpressed in cancer cells was associated with poor
prognosis (72, 82). Another differentially expressed gene
(DEG) is CDC20 (cell division cycle protein 20 homolog),
which was enriched in fetal hearts with respect to adult hearts

FETAL VERSUS ADULT OVINE HEART TRANSCRIPTOME

(~50-fold). This gene is an activator of the anaphase-promot-
ing complex (APC) (16, 76) and an essential developmental
gene whose inhibition in mice causes embryonic lethality
through massive cell cycle arrest (27). In a similar way, a very
important regulator of cell cycle, CDKI (cyclin-dependent
kinase 1), showed the highest expression level in fetal hearts
(~80-fold) (42).

In contrast, most of the DEGs overexpressed in adult hearts
were associated with structural proteins present in differenti-
ated cardiomyocytes. For example, the sarcomeric proteins
encoded by the genes TPM3 (tropomyosin «-3 chain) and
MYOM3 (myomesin-3) (71) and the proteins related to fatty
acid metabolism, such as cardiac-specific PDK4 (pyruvate
dehydrogenase kinase isozyme 4), showed a fold increase of
around 100, 50, and 30, respectively (7,56).

With regard to genes associated with metabolic processes, it
is interesting to observe that pitx (expression pattern EFH,,-
LFHowAHogr) and adipog (~1,000-fold increase EFH versus
AH), which have been shown very recently to be linked to
ischemic injury protection (17,85) and even to cardiac regen-
eration (64), were highly expressed in EFH and undetectable in
AH. Specifically, pitx2c was found to be downregulated in the
postnatal pig heart (66), in accordance with the findings in
sheep provided by this study.

Several studies have employed RNAseq in heart tissue from
different mammals. Some cardiac embryonic transcription fac-
tors such as nkx 2.5 (nk2 homeobox 5), aurora B kinase, thx5
(T-box transcription factor 5), and gata6 (transcription factor
gata-6), considered early markers of myocardial progenitor
cells in humans (10), pigs (78), and mice (48), displayed the
same pattern in the present study, showing upregulation in
EFH. Besides, it has been reported that non-CM cells highly
express haplnl (hyaluronan and proteoglycan link protein 1),
hmgal (high-mobility group AT-hook protein), and fabp4
(fatty acid-binding protein 4) genes, which are associated with
developmental extracellular matrix interactions, chromatin or-
ganization, and metabolic shift from glycolysis to oxidative
phosphorylation, respectively (9). Coincidently, sheep hearts in
this study showed upregulated levels of these genes in EFH.
Moreover, the co-activators MRT-F, A and B (myocardin-
related transcription factors A and B), of the serum response
factor (SRF), which is an essential transcription factor for
cardiac development, were highly expressed in sheep EFH, as
previously reported in mouse (43).

The same occurred with mbnll (muscleblind-like splicing
regulator 1), rbfox2 (RNA-binding protein fox-2), and adarl
(RNA-specific adenosine deaminase 1) genes, which express
RNA splicing and editing proteins in fetal hearts and decrease
in postnatal life (11).

By contrast, some specific marker genes of cardiomycocyte
differentiation in mouse hearts as myh7 (myosin heavy chain
7), tmnt2 (cardiac troponin T2), tnncl (cardiac troponin Cl1),
tnni3 (cardiac troponin 13), and myl3 (myosin light chain 3) (9)
were all detected in sheep’s AH. In agreement with an atlas of
circadian-expressed genes in different adult mouse organs,
including the heart (84), in adult sheep kdr (kinase insert
domain receptor) and vegfa (vascular endothelial growth factor
A) genes were downregulated, whereas flt/ (fms-related recep-
tor tyrosine kinase 1) was upregulated.

Other reports showed several markers of the differentiation
trajectory in human cardiomyocytes derived from embryonic
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stem cells, such as soxI7 (sry-box transcription factor 17; a
mesoderm induction marker), mef2c¢ (myocyte enhancer factor
2¢; a committed cardiomyocyte marker), and tmni3 (a mature
cardiomyocyte marker) (55). In the present study, these genes
were consistently upregulated in EFH, LFH, and AH, respec-
tively, supporting the appropriateness of the development
stages selected.

Conclusion. This study provides sets of transcripts whose
variation in expression level or exclusive detection in only one
of the ovine heart developmental stages may link them to a
specific role in cell cycle regulation. The transcriptomic profile
in fetal hearts revealed that several transcripts overexpressed or
uniquely expressed at this time point are associated with cell
cycle promotion; indeed, some of them are related to uncon-
trolled cell proliferation in cancer. By contrast, transcripts
expressed in adult hearts are associated mainly with its phys-
iological functions, suggesting that cell cycle arrest may be
regulated by epigenetic mechanisms and posttranscriptional
gene silencing as well.

From a translational point of view, this study shows several
cell cycle-promoting genes that can be assessed in further
cardiac tissue regeneration protocols. To our knowledge, this is
the first time that an RNAseq analysis has been carried out in
sheep heart tissue to compare different stages of fetal heart
development with a focus on cell cycle regulation.
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