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Transcriptome landscape of organs from mice and humans offers perspectives on the
process of how organs develop and the similarity and diversity in each organ between
the species. Among multi-species and multi-organ dataset, which was previously
generated, we focused on the mouse and human dataset and performed a reanalysis to
provide a more specific perspective on the maturation of human cardiomyocytes. First,
we examined how organs diversify their transcriptome during development across and
within two species. We unexpectedly identified that ribosomal genes were differentially
expressed between mice and humans. Second, we examined the corresponding ages
of organs in mice and humans and found that the corresponding developmental ages
did not match throughout organs. Mouse hearts at P0–3 and human hearts at 18–
19 wpc showed the most proximity in the regard of the transcriptome. Third, we
identified a novel set of maturation marker genes that are more consistent between
mice and humans. In contrast, conventionally used maturation marker genes only work
well with mouse hearts. Finally, we compared human pluripotent stem cell-derived
cardiomyocytes (PSC-CMs) in maturation-enhanced conditions to human fetal and
adult hearts and revealed that human PSC-CMs only expressed low levels of the
potential maturation marker genes. Our findings provide a novel foundation to study
cardiomyocyte maturation and highlight the importance of studying human samples
rather than relying on a mouse time-series dataset.

Keywords: cardiomyocyte maturation, transcriptome, comparative transcriptome, maturation marker, ribosome

INTRODUCTION

Understanding the transcriptome landscape of mouse developing hearts provided a compass to
navigate how cardiomyocyte mature in vivo and a foundation to determine the maturity of mouse
pluripotent stem cell-derived cardiomyocytes (PSC-CMs) cultured in vitro (Uosaki et al., 2015).
Single-cell RNA-sequencing added the details on cell-type specific, spatiotemporal developmental
programs in mice hearts, although it lacked fully-matured adult cardiomyocytes in the analysis
(DeLaughter et al., 2016). The maturation of cardiomyocytes is a continuous process from early
embryo to adult, but the maturation of PSC-CMs arrested at the late-embryonic stage (Uosaki
et al., 2015), which demanded more information on cardiomyocyte maturation during postnatal
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maturation. Due to the limited availability of human heart
samples at late-embryos to early ages, only transcriptome datasets
of fetal and adult human hearts were evaluated in the past
(Kuppusamy et al., 2015; Uosaki and Taguchi, 2016). Although
many genes shared distinct expression patterns from fetus to
adult in mouse and human hearts (Uosaki and Taguchi, 2016), the
expression kinetics of maturation-related genes during the entire
maturation process in human hearts were largely unknown.

Recently, time series of the transcriptome for six mammals
and a bird, with seven organs, were conducted and provided
from the other group (Cardoso-Moreira et al., 2019). While the
dataset still lacks late-embryonic human samples, it offers the
most complete dataset of human organs from early embryos to
adults. Here, we hypothesized that detailed analyses of the dataset
could reveal not only how the transcriptome of human hearts
progresses but also the expression kinetics of maturation-related
genes. In this study, we reanalyzed the dataset to obtain more
accurate information about the transcriptome landscape of mice
and humans, especially in hearts from embryonic to adult stage
and determined expression kinetics of maturation-related genes
in human hearts.

MATERIALS AND METHODS

Data Sets
The datasets analyzed for this study can be found in
E-MTAB-6798 (mouse)1 and E-MTAB-6814 (human)2. We
used normalized data with reads per kilobase per million
mapped reads (RPKM) in the repository. For the analysis
of gene expressions in PSC-CMs, we obtained read counts
data from GSE629133 and normalized to transcripts per
million reads (TPM).

Bioinformatics Analysis
We performed most of the analyses using the statistical software
R version 3.6.1 (R Core Team, 2016). To identify orthologs, we
used biomaRt and homologene (Durinck et al., 2009; Mancarci,
2018). For the data analysis, we first performed principal
component analysis (PCA) with logarithmically converted data
[log(RPKM + 1)] using prcomp function in R. To generate
graphs and plots, we used ggplot2 (Wickham, 2016). For the
3D plots, we used plotly for R (Sievert, 2020) and exported as
hypertext markup language (HTML, Supplementary Data S1–
S9). To define developmental stages, we used k-means clustering
and designated samples in each organ to five clusters unless noted
otherwise. To identify differentially expressed genes (DEGs) in
multigroup comparison settings, we used edgeR and performed
generalized linear model and likelihood ratio test (GLM-LRT)
(Robinson et al., 2010; McCarthy et al., 2012). Genes with
false discovery rate (FDR) < 0.01, P-value < 0.01, log2 fold
changes > 1, and log2 averaged RPKM > 3 were considered
as DEGs. DEGs were further clustered using c-means fuzzy

1https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-6798/
2https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-6814/
3https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE62913

clustering with Mfuzz (Futschik and Carlisle, 2005; Kumar
and Futschik, 2007). Genes with membership score > 0.5 are
considered as members of a cluster. For gene ontology (GO)
analysis, we used clusterProfiler and DOSE (Yu et al., 2012,
2015). We used cut-offs of 0.1 for both P-value and Q-value, and
the FDR (also known as BH) adjustment was applied to adjust
P-value. Top five GO terms with the lowest P-value were reported
though some of them were not significantly enriched. To draw
a gene-concept network, cnetplot function in enrichplot package
was used. To define a candidate marker gene for maturation from
the gene clusters 1 and 4 (upregulated in adults compared to
embryos), we set criteria of RPKM > 100 in both mouse and
human adult heart with > 10-fold changes when compared the
adult to early embryonic hearts.

RESULTS

Global Transcriptome Analysis
Comparing Organ Scale Maturation
Gene expression time series for six mammals and a bird, with
seven organs, were performed in the previous study by the
other group (Cardoso-Moreira et al., 2019). In this study, we
aimed to perform a reanalysis of the dataset to obtain a more
focused perspective on the transcriptome landscape, especially in
hearts. As the most basic biomedical researches are conducted
with mouse models, we decided to focus only on mouse and
human rather than all seven species, which would allow us to
translate the knowledge with mice into human researches. First,
we examined the comparative transcriptome between humans
and mice throughout the seven organs. To directly compare the
human and mouse dataset, we curated 16,831 genes with 1:1
ortholog in mouse and human using biomaRt and homologene.
Then, we performed PCA using all of the orthologs. While PC1
separated the samples based on the germ layer as previously
shown, PC2 differentiated the samples by species (Figure 1A
and Supplementary Data S1). This notion was unexpected as
we expected organ-to-organ variations are more distinctive than
species differences. With the combination of PC1, 3, and 4, the
samples were distinguished by organs and developmental stages
(Figure 1B and Supplementary Data S2). Clearer separations
were observed with combinations of PC1 to PC3 in the PCA
plots within single species (Supplementary Data S3, S4). To ask
what makes human and mouse different in the transcriptome
landscape, we performed GO analysis. Interestingly, GO term
“structural constituent of ribosome” was highly enriched in
both positively (human-specific) and negatively (mouse-specific)
weighted genes responsible for PC2-axis (Figure 1C), however,
the member genes enriched in the GO term for each species
were distinctive. This result implicates ribosomal function might
distinguish mice and humans regardless of organs.

Developmental Stage Correspondences
of Each Organ
Next, we aimed to define the corresponding developmental
stages of each organ between mice and humans. For embryonic
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FIGURE 1 | Global transcriptome analysis of seven organs from mouse and human. (A,B) Principal component analysis (PCA) of seven organs from mouse and
human. Sizes of dots indicate ages of samples [small dot, young; big dot, old. Ages ranging 4 weeks post conception (wpc)–senior of human and embryonic day (E)
9.5–postnatal (P) 63 of mouse]. Shapes of dots indicate species [diamond, human (hs); circle, mouse (mus)]. Color of each point indicates organs (red, brain; green,
cerebellum; yellow, liver; blue, heart; orange, kidney; light gray, ovary; dark gray, testis). Principal component (PC) 1, 3, and 4 distinguish the organs while PC2
separate mouse and human. (C) Gene ontology (GO) analysis of PC2 axis. Top five GO terms for molecular function (MF) enriched in human and mouse organs are
shown as bar graphs (left). In both mouse and human, GO term “structural constituent of ribosome” was highly enriched, though the enriched genes were different
as shown in gene-concept networks. SNAP, synaptosomal-associated protein; NADH, nicotinamide adenine dinucleotide.

development, the Carnegie stages are often used (de Bakker
et al., 2016). However, it is unknown if each organ developed
the same manner in a body between humans and mice. To
unveil this, we performed the PCAs of individual organs. As
we expect, PC1 and PC2 are major explanatory variables of
species and developmental stages, respectively, in most of the
organs except testes (Figure 2A, Supplementary Figure S1,
and Supplementary Data S5–S9). Proximity in a PCA plot
indicates transcriptional similarity among samples. With
k-mean clustering, we classified each organ of mouse and
human to five clusters. Although the phylotypic stage in
the developmental hourglass model is considered at the

mid-embryonic stage (Irie and Kuratani, 2011), PCA plots of
individual organs displayed more proximity at some point
around birth. Interestingly, the time of the most proximate
varies organ-to-organ. For example, human hearts at 19
weeks post conception (wpc) were closest to mouse hearts at
postnatal day (P) 0–3 (Figure 2A and Supplementary Data S5).
In contrast, human kidneys at 10–20 wpc and livers at 19–
20 wpc were closest to mouse counterparts at P3–P14 and
E17.5, respectively (Supplementary Figures S1A,B and
Supplementary Data S6, S7). When brains and cerebellums
from mouse and human were analyzed altogether, they had
similar trajectory up to the late embryonic-neonatal stage and
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differentiated to more specific to brain or cerebellum later
(Supplementary Figure S1C and Supplementary Data S8).
Moreover, both mouse and human testes displayed
sudden transcriptional changes at the adolescent stages
(Supplementary Figure S1D and Supplementary Data S9).
These results indicate that every organ has a different
developmental speed.

Differentially Expressed Genes in Heart
The heart is a major target organ for us. We previously
demonstrated that the developmental stages of mouse PSC-CMs
can be accurately predicted using the microarray-based dataset
(Uosaki et al., 2015). However, due to the lack of compatibility
across platforms of microarray and limited dataset of human
hearts, it is unable to use the method to human PSC-CMs.
We also demonstrated that mouse and human transcriptomes
change similarly from embryo to adult (Uosaki and Taguchi,
2016), while no time-course study was performed at that point.
Here, we examined the transcriptome data of mouse and human
hearts to show the trajectory of transcriptome changes in mouse
and human hearts. As we demonstrated that there is a specific
time-point that an organ from mouse and human becomes
more similar than the other time-points. Thus, we identified
DEGs among three clusters – the earliest developmental clusters
(E10.5–11.5 of the mouse hearts; 4–7 wpc of the humans), the
closest clusters in between (P0–3 for mouse hearts; 18–19 wpc of
humans), and the most aged clusters (P14–63 of mouse hearts;
neonate–old mid age of humans). We identified more than 6,000
genes are differentially expressed at least one comparison among
the clusters in both mouse and human hearts (Figure 2B and
Supplementary Figures S2A–C). Among them, 3,267 genes were
overlapped in mouse and human DEGs of hearts (Figure 2B). To
test if expression trajectory is similar during heart development
in mouse and human, we clustered the common DEGs of hearts
using c-means fuzzy clustering. We identified six DEG clusters
in mouse hearts (Figure 2C), which included steadily increased
to adult (cluster 1), adult heart-specific (cluster 4), steadily
decreased (clusters 3 and 6), early embryonic heart-specific
(cluster 5), and transient upregulation (cluster 2). We also
identified 6 DEG clusters in human hearts (Figure 2D), however,
we found gene cluster upregulated in the postnatal-adult hearts
(cluster 4) instead of adult heart-specific. Next, we asked if
identified clusters shares genes. To test this, we compared genes
in clusters 1 and 4 (upregulated in adults compared to embryos),
cluster 2 (transiently upregulated), and clusters 3, 5, and 6
(downregulated in adults). Upregulated or downregulated genes
were largely shared in mouse and human (Figure 2E), while genes
in cluster 2 were almost distinct. To determine gene functions
of upregulated or downregulated genes, we performed GO
analysis on commonly upregulated or downregulated genes in
adult mouse and human hearts. GO analysis revealed that genes
enriched in adult hearts were related to mitochondrial activities,
such as electron transfer and Nicotinamide adenine dinucleotide
(NADH) dehydrogenase activity (Supplementary Figure S3A).
In contrast, cell division-related genes were highly enriched
in downregulated genes (Supplementary Figure S3A), which
is consistent with our previous study (Uosaki et al., 2015).

Next, we examined cluster 2s to determine what define
the difference in transiently upregulated genes. In mouse
hearts (Supplementary Figure S3B), extracellular matrix
related GO terms are enriched in the genes specifically
expressed in mouse cluster 2. In contrast, no GO term for
molecular function (MF) were significantly enriched in human
(Supplementary Figure S3C). GO terms for biological process
(BP) enriched in the genes of human cluster 2 were related
cardiac function (e.g., cardiac muscle cell action potential).

Marker Genes for Cardiomyocyte
Maturation
To apply this analysis to human PSC-CMs or cardiomyocyte
maturation, identifying maturation markers would help. As
most of such markers were identified or used based on
the knowledge of mouse development, little is known for
usefulness in human studies. Thus, we aimed to identify
candidate genes for maturation markers of cardiomyocytes
from the commonly upregulated DEGs. The medians of the
common genes (479 genes, Figure 2E) in clusters 1 and 4
were 34.0 and 36.6 RPKM at the adult stage in mouse and
human, respectively (Supplementary Figure S4A). To select
highly expressed genes in adult hearts, we used 100 RPKM
in both mouse and adult hearts as the minimum expressions.
Next, we examined fold changes between the developmental
stages (Supplementary Figures S4B–H) or between the species
(Supplementary Figure S4I). Most of the genes showed less
than 10-fold changes in any comparison between the stages.
10-fold changes between adult and early embryonic hearts
in one species yielded 100-fold changes in the other species
(Supplementary Figure S4I), and the genes with 10-fold
upregulation in adult from early embryonic hearts include most
of the genes that were upregulated in a later stage compared
to earlier stages (Supplementary Figures S4B–H). Overall, 43
genes were selected as potential maturation marker genes, which
showed fold changes of at least 10 times from the early embryos
to adults and higher expression levels (> 100 RPKM) in both
mice and human adult hearts (Supplementary Figures S5, S6
and Figure 3A). Considering the expression levels and the
consistency throughout the samples and species, we narrow
down to 12 genes (Figure 3A). MB, CKM, COX6A2, COX7A1,
FABP3, and TCAP were promising candidates for maturation
markers as they reached more than 1,000 RPKM in adults,
which would be high enough for making a fluorescent marker
as well. TNNI3, a conventionally used marker, also displayed
the same profile (Figure 3B). We examined nine conventionally
used markers for cardiomyocyte maturation, including isoform
switches (MYH7 to 6, TNNI1 to 3) to ask if these markers are
reliable for human (van den Berg et al., 2015; Karakikes et al.,
2015; Denning et al., 2016; Ahmed et al., 2020). All but Kcnh2
displayed expected gene expression profiles in mouse hearts. In
contrast, only CAV3 and TNNI3 showed consistent profiles as
maturation markers for human cardiomyocytes. The expression
kinetics of candidate genes varies in mouse and human: some
genes (e.g., MB and RPL3L) started to express earlier in human
hearts than mouse hearts at the corresponding stage but others
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FIGURE 2 | Expression dynamics of DEGs during the maturation in hearts. (A) PCA of hearts from mouse and human. Shapes of dots represent species [diamond,
human (hs); circle, mouse (mus)]. Color represents corresponding ages based on k-mean clusters as shown in figure. Ages shown in PCA plots indicate the ages of
each point that is the closest dots between mouse and human. (B) Venn diagram of differentially expressed genes (DEGs) in mouse (mus) and human (hs). (C,D)
Fuzzy clustering of DEGs in mouse (C) and human (D) with membership score of at least 0.5. Color indicates membership score of each gene in a cluster. (E) Venn
diagrams of member genes in mouse and human. Gene clusters upregulated in adult (cluster 1 and 4), temporally upregulated (cluster 2), and downregulated in
adult (cluster 3, 5, and 6) are shown.
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were rather expressed later (e.g., CKM and MGP). These findings
support that the novel set of maturation marker genes can be
more reliable than the current set of marker genes.

Expression of Marker Genes in PSC-CMs
To ask if the candidate maturation markers could dictate
maturation of PSC-CMs, we reanalyzed an RNA-seq dataset
include human fetal and adult hearts and PSC-CMs with
maturation-enhanced conditions (Kuppusamy et al., 2015). In
the previous study, PSC-CMs were cultured for 1 year or treated
with Let-7 overexpression vector to enhance the maturation.
Among 9 conventional markers or the genes the authors used
(Figure 4A), MYH7, ATP2A2, CAV3, TNNI3, TNNT2, and
SCN5A were upregulated from fetal ventricles to adult hearts,
andTNNI1was downregulated. In PSC-CMs,CAV3,TNNT2, and
SCN5A along with KCNH2, RYR2, and PLN were upregulated in
maturation enhanced condition compared to control, although
the expression of CAV3 and TNNI3 were relatively low and
comparable to the fetal hearts. Low expression of MYH7 and
increased expression of TNNI1 might indicate PSC-CMs in the
maturation-enhanced condition remained in the fetal stages.
Next, we examined the expression of the potential novel set of
maturation markers (Figures 4B,C). PERM1 was not found in
the dataset, which leaves 42 genes including TNNI3. Among
41 genes, XIRP2 was the only genes expressed at the level
of adult hearts in PSC-CMs with the maturation-enhanced
conditions. The rest was the level of fetal hearts or lower
than that, even after upregulation. The genes expressed from
earlier stages of human hearts (e.g., CASQ2, LPL, and LRRC2)
displayed relatively higher expression in fetal ventricles and
in PSC-CMs with the maturation-enhanced conditions. Taken
together, the maturation-enhanced conditions could indeed
increase maturation-related genes, but the overall maturation
status remained in the fetal stages.

DISCUSSION

Identification of Maturation Markers
Cardiomyocyte maturation arrests at an immature state in vitro,
and discovering a new method to generate mature PSC-CMs
is a huge point of emphasis for the last decade (Uosaki
et al., 2015; Cho et al., 2017; Ronaldson-Bouchard et al., 2018)
after efficient differentiation methods were developed (Uosaki
et al., 2011; Tohyama et al., 2013; Burridge et al., 2014).
Since cardiomyocyte maturation is generally examined with
physiological properties, and/or structural and morphological
features, studying mechanisms of maturation is inefficient and
little is understood. Moreover, some studies compared gene
expression of PSC-CMs and adult human cardiomyocytes with
a selected set of genes (Yang et al., 2014a; Karakikes et al.,
2015), however, the selection of such genes is based on mouse
expression profiles and the expression kinetics of the maturation
marker genes during human heart development were unknown.
In this study, we discovered a potential novel set of marker
genes for maturation, which have similar kinetics in both
humans and mice (Figure 3A). In addition, the commonly

used marker genes displayed expected profiles in mice, however,
they did not have the same dynamics or clearness in humans
(Figure 3B). Recently, we developed a fluorescent reporter
line for cardiomyocyte maturation (Chanthra et al., 2020). We
inserted red fluorescent protein (RFP) into 3’ end of Myom2
locus to fuse RFP with Myom2 and demonstrated that RFP
positive PSC-CMs were more mature than RFP negative cells.
We also demonstrated that the isoform-specific effects of laminin
on cardiomyocyte maturation. Physiological and morphological
analysis revealed Myom2-RFP PSC-CMs resembled postnatal
cardiomyocytes, suggesting that 100 RPKM might be enough
to detect fluorescence from the endogenous locus, though it
must be validated individually. Generating reliable fluorescent
reporter lines based on the novel maturation markers would
further facilitate researches on cardiomyocyte maturation, and
the maturation marker genes we identified in this study can be
a candidate to generate them.

Implication to Disease Modeling With
Human PSC-CMs
As we demonstrated, the expressions of the potential maturation-
marker genes were remained low in PSC-CMs even after 1-year
cultures. Successful cardiac disease models with immature PSC-
CMs would be limited to some diseases that display phenotypes
from the very early stages of life as the immature PSC-CMs
have distinct electrophysiological properties including calcium
handling and metabolisms from adult cardiomyocytes (Yang
et al., 2014a; Ahmed et al., 2020). Thus, challenges are still
generating more mature PSC-CMs to recapture the disease
phenotypes of late-onset cardiac diseases. There have been many
attempts to achieve this goal with prolonged culture, electrical
and mechanical stimulation, hormones and extracellular matrices
(Kamakura et al., 2013; Lundy et al., 2013; Nunes et al., 2013;
Yang et al., 2014b; Ronaldson-Bouchard et al., 2018; Chanthra
et al., 2020), and some of them seemed more successful. However,
it is difficult to compare one to the others because there is no
definitive evaluation method of cardiomyocyte maturation. With
our novel set of potential marker genes, we might be able to
develop more accurate methods to define the maturity of PSC-
CMs; the methods can be a fluorescent reporter or targeted
RNA-seq of the marker genes.

The Expression Kinetics of Maturation
Markers
The overall transcriptome trajectory highlighted that mouse
and human hearts are more similar at P0–3 and 18–19
wpc, respectively. Upregulated genes in the course are largely
identical and involve in mitochondrial function. These findings
are particularly interesting because mitochondria activity turns
glycolysis to fatty acid β-oxidation postnatally (Lopaschuk et al.,
1992). Although the overall transcriptome of P0–3 mouse
hearts is more similar to that of 18–19 wpc human hearts
(Figure 2A), expression kinetics of individual maturation marker
genes are different. For instance, Ckm and Nrap start to express
in embryonic mouse hearts at E15.5–16.5 and E12.5–14.5,
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B

FIGURE 3 | Expression kinetics of the potential maturation marker genes. (A,B) Time course gene expression profiles. Mouse (left side) and human (right side) data
is shown side-by-side. A red (for mouse) or blue (for human) line indicates local regression curve using locally estimated scatterplot smoothing (LOESS).
(A) Candidate marker genes identified in this study. Red vertical lines indicate P0-3 in mouse and 18–19 wpc in human, which are considered as the same
developmental stage. (B) Marker genes used in other literatures.
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FIGURE 4 | Expressions of the maturation marker genes in PSC-CMs. Graphs of the candidate maturation marker gene expressions in human fetal and adult hearts
and PSC-CMs. PSC-CMs at day 20 and day 30 with empty vectors are considered as immature while those at 1 year and d30 with Let7 overexpression vector (OE)
are considered as more matured. (A) Common maturation marker genes including the isoform switch and the genes used in the original study. (B) Top 12 and (C)
the rest of the candidate maturation marker genes identified in this study. Bars are shown in the mean of transcripts per million reads (TPM) and each dot indicates
TPM of each sample.
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respectively, while their expression becomes evident at 18–19
wpc in human hearts. Moreover, Ckmt2, a mitochondrial gene,
expressed only after P14 in mouse hearts, but its expression
starts mid-gestation in human hearts. These findings suggest that
mitochondria might become more active in human fetal hearts.

Ribosomes Might Define Mouse and
Human Differences
The size of somite is determined by the periodic expressions
of genes, which is called “segmentation clock.” The oscillation
periods are species-specific and regulated not only by sequence
differences in the involved genes but also by species-specific
cell-autonomous differences in biochemical reaction parameters
(Chu et al., 2019; Matsuda et al., 2019; Diaz-Cuadros et al., 2020).
We unexpectedly revealed that the members of ribosomal genes
are differentially expressed in mice and humans. Since ribosomes
translate mRNA to proteins, the expression differences in
ribosome genes can be a major determinant of the differences in
the speed of the segmentation clock. It requires further researches
to fully understand how biochemical reaction parameters are
different in mice and humans, including protein synthesis rates
(Li et al., 2014).

DATA AVAILABILITY STATEMENT

The datasets analyzed in this study can be found in the
E-MTAB-6798, E-MTAB-6814, GSE62913.

AUTHOR CONTRIBUTIONS

TA and HU conducted bioinformatics analyses and wrote the
manuscript. TY provided necessary supervision.

FUNDING

This study was mainly supported by Fund for the Promotion
of Joint International Research [Fostering Joint International
Research (B), 19KK0219] from Japan Society for the Promotion
of Science (to HU). HU was also supported by Takeda Science
Foundation, and the Grant for Basic Research of the Japanese
Circulation Society.

ACKNOWLEDGMENTS

We would like to thank the lab members in Division
of Regenerative Medicine at Jichi Medical University for
helpful discussions.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcell.2020.00268/
full#supplementary-material

REFERENCES
Ahmed, R. E., Anzai, T., Chanthra, N., and Uosaki, H. (2020). A brief review of

current maturation methods for human induced pluripotent stem cells-derived
cardiomyocytes. Front. Cell Dev. Biol doi: 10.3389/fcell.2020.00178 [Epub ahead
of print].

Burridge, P. W., Matsa, E., Shukla, P., Lin, Z. C., Churko, J. M., Ebert, A. D., et al.
(2014). Chemically defined generation of human cardiomyocytes. Nat. Methods
11, 855–860. doi: 10.1038/nmeth.2999

Cardoso-Moreira, M., Halbert, J., Valloton, D., Velten, B., Chen, C., Shao, Y., et al.
(2019). Gene expression across mammalian organ development. Nature 571,
505–509. doi: 10.1038/s41586-019-1338-5

Chanthra, N., Abe, T., Miyamoto, M., Sekiguchi, K., Kwon, C., Hanazono, Y., et al.
(2020). A novel fluorescent reporter system identifies laminin-511/521 as potent
regulators of cardiomyocyte maturation. Sci. Rep. 10:4249. doi: 10.1038/s41598-
020-61163-3

Cho, G. S., Lee, D. I., Tampakakis, E., Murphy, S., Andersen, P., Uosaki, H.,
et al. (2017). Neonatal transplantation confers maturation of PSC-derived
cardiomyocytes conducive to modeling cardiomyopathy. Cell Rep. 18, 571–582.
doi: 10.1016/j.celrep.2016.12.040

Chu, L. F., Mamott, D., Ni, Z., Bacher, R., Liu, C., Swanson, S., et al. (2019). An
in vitro human segmentation clock model derived from embryonic stem cells.
Cell Rep. 28, 2247–2255.e5. doi: 10.1016/j.celrep.2019.07.090

de Bakker, B. S., de Jong, K. H., Hagoort, J., de Bree, K., Besselink, C. T., de
Kanter, F. E., et al. (2016). An interactive three-dimensional digital atlas and
quantitative database of human development. Science 354:aag0053. doi: 10.
1126/science.aag0053

DeLaughter, D. M., Bick, A. G., Wakimoto, H., McKean, D., Gorham, J. M.,
Kathiriya, I. S., et al. (2016). Single-cell resolution of temporal gene expression
during heart development. Dev. Cell 39, 480–490. doi: 10.1016/j.devcel.2016.
v10.001

Denning, C., Borgdorff, V., Crutchley, J., Firth, K. S., George, V., Kalra, S., et al.
(2016). Cardiomyocytes from human pluripotent stem cells: from laboratory
curiosity to industrial biomedical platform. Biochim. Biophys. Acta 1863, 1728–
1748. doi: 10.1016/j.bbamcr.2015.10.014

Diaz-Cuadros, M., Wagner, D. E., Budjan, C., Hubaud, A., Tarazona, O. A.,
Donelly, S., et al. (2020). In vitro characterization of the human segmentation
clock. Nature 580, 113–118. doi: 10.1038/s41586-019-1885-9

Durinck, S., Spellman, P. T., Birney, E., and Huber, W. (2009). Mapping identifiers
for the integration of genomic datasets with the R/bioconductor package
biomaRt. Nat. Protoc. 4, 1184–1191. doi: 10.1038/nprot.2009.97

Futschik, M. E., and Carlisle, B. (2005). Noise-robust soft clustering of gene
expression time-course data. J. Bioinform. Comput. Biol. 3, 965–988. doi: 10.
1142/s0219720005001375

Irie, N., and Kuratani, S. (2011). Comparative transcriptome analysis reveals
vertebrate phylotypic period during organogenesis. Nat. Commun. 2, 248. doi:
10.1038/ncomms1248

Kamakura, T., Makiyama, T., Sasaki, K., Yoshida, Y., Wuriyanghai, Y., Chen, J.,
et al. (2013). Ultrastructural maturation of human-induced pluripotent stem
cell-derived cardiomyocytes in a long-term culture. Circ. J. 77, 1307–1314.
doi: 10.1253/circj.cj-12-0987

Karakikes, I., Ameen, M., Termglinchan, V., and Wu, J. C. (2015). Human induced
pluripotent stem cell-derived cardiomyocytes: insights into molecular, cellular,
and functional phenotypes. Circ. Res. 117, 80–88. doi: 10.1161/CIRCRESAHA.
117.305365

Kumar, L., and Futschik, E. M. (2007). Mfuzz: a software package for soft
clustering of microarray data. Bioinformation 2, 5–7. doi: 10.6026/973206300
02005

Kuppusamy, K. T., Jones, D. C., Sperber, H., Madan, A., Fischer, K. A., Rodriguez,
M. L., et al. (2015). Let-7 family of microRNA is required for maturation and
adult-like metabolism in stem cell-derived cardiomyocytes. Proc. Natl. Acad.
Sci. U.S.A. 112, E2785–E2794. doi: 10.1073/pnas.1424042112

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 April 2020 | Volume 8 | Article 268

https://www.frontiersin.org/articles/10.3389/fcell.2020.00268/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2020.00268/full#supplementary-material
https://doi.org/10.3389/fcell.2020.00178
https://doi.org/10.1038/nmeth.2999
https://doi.org/10.1038/s41586-019-1338-5
https://doi.org/10.1038/s41598-020-61163-3
https://doi.org/10.1038/s41598-020-61163-3
https://doi.org/10.1016/j.celrep.2016.12.040
https://doi.org/10.1016/j.celrep.2019.07.090
https://doi.org/10.1126/science.aag0053
https://doi.org/10.1126/science.aag0053
https://doi.org/10.1016/j.devcel.2016.10.001
https://doi.org/10.1016/j.devcel.2016.10.001
https://doi.org/10.1016/j.bbamcr.2015.10.014
https://doi.org/10.1038/s41586-019-1885-9
https://doi.org/10.1038/nprot.2009.97
https://doi.org/10.1142/s0219720005001375
https://doi.org/10.1142/s0219720005001375
https://doi.org/10.1038/ncomms1248
https://doi.org/10.1038/ncomms1248
https://doi.org/10.1253/circj.cj-12-0987
https://doi.org/10.1161/CIRCRESAHA.117.305365
https://doi.org/10.1161/CIRCRESAHA.117.305365
https://doi.org/10.6026/97320630002005
https://doi.org/10.6026/97320630002005
https://doi.org/10.1073/pnas.1424042112
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00268 April 20, 2020 Time: 17:28 # 10

Anzai et al. Transcriptome Landscape of Human Hearts

Li, G. W., Burkhardt, D., Gross, C., and Weissman, J. S. (2014). Quantifying
absolute protein synthesis rates reveals principles underlying allocation of
cellular resources. Cell 157, 624–635. doi: 10.1016/j.cell.2014.02.033

Lopaschuk, G. D., Collins-Nakai, R. L., and Itoi, T. (1992). Developmental changes
in energy substrate use by the heart. Cardiovasc. Res. 26, 1172–1180. doi: 10.
1093/cvr/26.12.1172

Lundy, S. D., Zhu, W. Z., Regnier, M., and Laflamme, M. A. (2013). Structural and
functional maturation of cardiomyocytes derived from human pluripotent stem
cells. Stem Cells Dev. 22, 1991–2002. doi: 10.1089/scd.2012.0490

Mancarci, O. (2018). Homologene: Quick Access to Homology Information.
Available online at: https://CRAN.R-project.org/package=homologene
(accessed November 27, 2019).

Matsuda, M., Hayashi, H., Garcia-Ojalvo, J., Yoshioka-Kobayashi, K., Kageyama,
R., Yamanaka, Y., et al. (2019). Species-specific oscillation periods of human
and mouse segmentation clocks are due to cell autonomous differences in
biochemical reaction parameters. bioRxiv [Preprint]. doi: 10.1101/650648

McCarthy, D. J., Chen, Y., and Smyth, G. K. (2012). Differential expression analysis
of multifactor RNA-seq experiments with respect to biological variation.Nucleic
Acids Res. 40, 4288–4297. doi: 10.1093/nar/gks042

Nunes, S. S., Miklas, J. W., Liu, J., Aschar-Sobbi, R., Xiao, Y., Zhang, B., et al. (2013).
Biowire: a platform for maturation of human pluripotent stem cell–derived
cardiomyocytes. Nat. Methods 10, 781–787. doi: 10.1038/nmeth.2524

R Core Team (2016). R: A Language and Environment for Statistical Computing.
Vienna: R Foundation for Statistical Computing.

Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2010). EdgeR: a bioconductor
package for differential expression analysis of digital gene expression data.
Bioinformatics 26, 139–140. doi: 10.1093/bioinformatics/btp616

Ronaldson-Bouchard, K., Ma, S. P., Yeager, K., Chen, T., Song, L., Sirabella, D., et al.
(2018). Advanced maturation of human cardiac tissue grown from pluripotent
stem cells. Nature 556, 239–243. doi: 10.1038/s41586-018-0016-3

Sievert, C. (2020). Interactive Web-Based Data Visualization With R, Plotly, and
Shiny. Boca Raton, FL: CRC Press, Taylor and Francis Group, 2020. Available
online at: https://plotly-r.com

Tohyama, S., Hattori, F., Sano, M., Hishiki, T., Nagahata, Y., Matsuura, T., et al.
(2013). Distinct metabolic flow enables large-scale purification of mouse and
human pluripotent stem cell-derived cardiomyocytes. Cell Stem Cell 12, 127–
137. doi: 10.1016/j.stem.2012.09.013

Uosaki, H., Cahan, P., Lee, D. I., Wang, S., Miyamoto, M., Fernandez,
L., et al. (2015). Transcriptional landscape of cardiomyocyte

maturation. Cell Rep. 13, 1705–1716. doi: 10.1016/j.celrep.2015.
10.032

Uosaki, H., Fukushima, H., Takeuchi, A., Matsuoka, S., Nakatsuji, N., and
Yamanaka, S. (2011). Efficient and scalable purification of cardiomyocytes from
human embryonic and induced pluripotent stem cells by VCAM1 surface
expression. PLoS One 6:e23657. doi: 10.1371/journal.pone.0023657

Uosaki, H., and Taguchi, Y. H. (2016). Comparative gene expression analysis of
mouse and human cardiac maturation. Genomics Proteomics Bioinform. 14,
207–215. doi: 10.1016/j.gpb.2016.04.004

van den Berg, C. W., Okawa, S., Chuva de Sousa Lopes, S. M., van Iperen, L., Passier,
R., Braam, S. R., et al. (2015). Transcriptome of human foetal heart compared
with cardiomyocytes from pluripotent stem cells. Development 142, 3231–3238.
doi: 10.1242/dev.123810

Wickham, H. (2016). Ggplot2: Elegant Graphics for Data Analysis. New York, NY:
Springer-Verlag.

Yang, X., Pabon, L., and Murry, C. E. (2014a). Engineering adolescence: maturation
of human pluripotent stem cell–derived cardiomyocytes. Circ. Res. 114, 511–
523. doi: 10.1161/CIRCRESAHA.114.300558

Yang, X., Rodriguez, M., Pabon, L., Fischer, K. A., Reinecke, H., Regnier,
M., et al. (2014b). Tri-iodo-l-thyronine promotes the maturation of human
cardiomyocytes-derived from induced pluripotent stem cells. J. Mol. Cell.
Cardiol. 72, 296–304. doi: 10.1016/j.yjmcc.2014.04.005

Yu, G., Wang, L. G., Han, Y., and He, Q. Y. (2012). Cluster profiler: an R package
for comparing biological themes among gene clusters. OMICS 16, 284–287.
doi: 10.1089/omi.2011.0118

Yu, G., Wang, L. G., Yan, G. R., and He, Q. Y. (2015). DOSE: an R/bioconductor
package for disease ontology semantic and enrichment analysis. Bioinformatics
31, 608–609. doi: 10.1093/bioinformatics/btu684

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Anzai, Yamagata and Uosaki. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 April 2020 | Volume 8 | Article 268

https://doi.org/10.1016/j.cell.2014.02.033
https://doi.org/10.1093/cvr/26.12.1172
https://doi.org/10.1093/cvr/26.12.1172
https://doi.org/10.1089/scd.2012.0490
https://CRAN.R-project.org/package=homologene
https://doi.org/10.1101/650648
https://doi.org/10.1093/nar/gks042
https://doi.org/10.1038/nmeth.2524
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1038/s41586-018-0016-3
https://plotly-r.com
https://doi.org/10.1016/j.stem.2012.09.013
https://doi.org/10.1016/j.celrep.2015.10.032
https://doi.org/10.1016/j.celrep.2015.10.032
https://doi.org/10.1371/journal.pone.0023657
https://doi.org/10.1016/j.gpb.2016.04.004
https://doi.org/10.1242/dev.123810
https://doi.org/10.1161/CIRCRESAHA.114.300558
https://doi.org/10.1016/j.yjmcc.2014.04.005
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1093/bioinformatics/btu684
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Comparative Transcriptome Landscape of Mouse and Human Hearts
	Introduction
	Materials and Methods
	Data Sets
	Bioinformatics Analysis

	Results
	Global Transcriptome Analysis Comparing Organ Scale Maturation
	Developmental Stage Correspondences of Each Organ
	Differentially Expressed Genes in Heart
	Marker Genes for Cardiomyocyte Maturation
	Expression of Marker Genes in PSC-CMs

	Discussion
	Identification of Maturation Markers
	Implication to Disease Modeling With Human PSC-CMs
	The Expression Kinetics of Maturation Markers
	Ribosomes Might Define Mouse and Human Differences

	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


