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Abstract

Background Preclinical studies have demonstrated the potential use of induced pluripotent stem cells (iPSCs) to
treat cardiovascular disease (CVD). In vivo preclinical studies conducted on animal models (murine, porcine, guinea
pig, etc.) have employed either syngeneic or human-derived iPSCs. However, no study has been carried out to inves-
tigate and report the key genetic differences between the human and animal-derived iPSCs. Our study analysed the
gene expression profile and molecular pathway patterns underlying the differentiation of both human and mouse
iPSCs to iPSC-cardiomyocytes (iPSC-CMs), and the differences between them via bioinformatic analysis.

Method Data sets were downloaded from the Gene Expression Omnibus (GEO) database and included both human
and mouse models, and the data for undifferentiated iPSCs and iPSC-CMs were isolated from each. Differentially
expressed genes (DEGs) were screened and then analysed. The website g:Profiler was used to obtain the Gene Ontol-
ogy (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment. Protein-protein interaction
(PPI) networks of the DEGs were constructed using the Search Tool for the Retrieval of Interacting Genes (STRING)
database and Cytoscape software. The subclusters were then extracted from the PPl network for further analysis.

Results iPSC-derived cardiomyocytes expressed many genes related to vascular, endothelial, and smooth muscle
repair in the human iPSC-CMs, and prevention of calcification in the mouse iPSC-CMs with clear differences in gene
expression, which will affect how iPSCs act in research. Especially in the human iPSC-CMs, and also prevention of
calcification processes in the mouse data. The identified differences in gene expression of iPSCs derived from the two
species suggests that in vivo studies using mouse iPSC-CMs may not reflect those in humans.

Conclusion The study provides new insights into the key genes related to the iPSCs, including genes related to
angiogenesis, calcification, and striated muscle, endothelium, and bone formation. Moreover, the clear differences
between both mouse and human-derived iPSCs have been identified, which could be used as new evidence and
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guidance for developing novel targeted therapy strategies to improve the therapeutic effects of iPSC treatment in

cardiovascular defects.

Keywords Bioinformatics, iPSCs, Cardiomyocytes, Enrichment analysis, Cardiovascular disease

Background

Cardiovascular diseases (CVDs) are the number one
cause of mortality around the world with 31% of all
global deaths in 2016 [1]. Several heart and blood vessel
diseases are encompassed by this. Aortic stenosis is the
most prevalent heart valve disease and the third most
prevalent CVD in developed countries. It is characterised
by progressive narrowing of the aortic valve due to fibro-
sis and calcification [2], producing stiffness and disrup-
tion of normal flow of blood through the valve. This leads
to insufficient outflow from the ventricle, leading to left
ventricular hypertrophy to compensate which eventually
becomes maladaptive [3]. A brief review of valvular heart
disease, including the current treatments and unmet
clinical outcomes, is summarised in Table S1 in Supple-
mentary Information. Therefore, there is a need to find
alternative therapeutic options, with one possibility being
stem cell therapy or cell-based tissue engineered heart
valve (TEHV).

Different parts of the cardiovascular system have dif-
ferent anatomical arrangements, including different cells
which make up their structure as well as important mark-
ers which are used to identify them (Table S2 and Fig. S1
in Supplementary Information). These are important to
understand what cells are needed to form fully functional
structures to treat CVDs. In order to produce the neces-
sary cells, cell-based TEHV can help to generate biomi-
metic and viable tissue either before (in vitro) or after
(in situ) implantation. Induced pluripotent stem cells
(iPSCs) are a cell type that has been used in cell therapy
and modelling of TEHVs and other CVD diseases (Table
S3 in Supplementary Information). The iPSCs have sev-
eral advantages over other cell types, especially in disease
modelling. When iPSCs differentiate the genetic makeup
of the donor cells remains, meaning there is the potential
to reproduce essential aspects of genetic diseases in vitro
using donor cells from patients. However, iPSCs for
this purpose still carry limitations hindering their clini-
cal translation. Firstly, the potential for cell survival and
proliferation and thus any long-term benefits are poor.
Secondly, iPSCs display a more fetal CM phenotype [4]
which not only inaccurately replicates the electrophysio-
logical responses but also produces a risk of arrhythmias
on transplantation. Thirdly, enrichment and maintenance
processes often produce a heterogenous population of
iPSC-CMs [5] which exhibit phenotypic and genomic dif-
ferences. Moreover, studies have shown that iPSC-CMs

are associated with epigenetic pattern retention, pro-
ducing differences in differentiation and physiological
responses [6]. The potential of undifferentiated iPSCs
also poses a tumorigenic risk, proving that these pro-
cesses cannot account for the heterogeneity present [7].

The aim of this study was to conduct bioinformatic
analysis for identifying key genetic factors and signal-
ling pathways involved in the differentiation of iPSCs to
cardiomyocytes (iPSC-CMs). We anticipate that identi-
fication of key genes and pathways will help lead to the
understanding and optimisation of iPSC-based therapy
for cardiovascular defects. Moreover, cells derived from
different species have been widely used as replacements
for studying human diseases. It has been shown that the
key genes and the signaling pathways for a certain disease
could vary between species, which is a common factor
that confines much success to laboratories. Comparison
is undoubtedly needed to minimise the inaccuracy when
transforming achievements from the bench to clinical tri-
als. We noticed the importance of this but found highly
limited studies comparing at the gene level. Thus, we
wish to compare the results from bioinformatic analy-
ses between the human and mouse iPSC-CMs, and we
hypothesise that the comparison will provide an under-
standing of iPSC-CM gene expression and guidance on
potential different markers and therapeutic effects in
in vivo mouse models and the human condition.

Database and method
Database searching
Gene Expression Omnibus (GEO) Database [8] is an
international public archive with functional genomic
data, and using this, two gene expression data sets which
conducted transcriptomic profiling, GSE17579 [9, 10],
and GSE18514 [11] were found and downloaded from
the site. The data for undifferentiated iPSCs and iPSC-
CMs were isolated from each data set. GSE17579 used
a human model and was based on the GPL6947 (Illu-
mina HumanHT-12V3.0 expression beadchip), while
GSE18514 used a murine model and was based on the
GPL6997 platform (Illumina MouseWG-6 v2.0 expres-
sion beadchip). Ribonucleic acid (RNA) samples were
prepared from three independent biological replicates
for both undifferentiated iPSCs and iPSC-CMs for each
dataset.

The human iPS cell line was derived by the data set
GSE17579 from foreskin fibroblasts, and the human ES
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cell line HES-2 were differentiated to CMs using the
END2 co-culture system. They were experimented on
day 18 of their development. The data set GSE18514
developed the mouse iPSC cell line using a transgenic
murine iPSC cell line “which expresses puromycin
resistance protein N-acetyltransferase and EGFP under
the control of the cardiomyocyte-specific a-myosin
heavy chain promoter (alphaMHC-Puro-IRES-GFP,
aPiG)” [11]. Murine aPIG-iPS and aPIG-ES cells differ-
entiated into spontaneously beating CMs and were ana-
lysed on day 16 of their development.

Identification of DEGs

Network analyst [12] is a website used for gene expres-
sion analysis which was used to identify differentially
expressed genes (DEGs) in the samples collected. The
data was firstly normalised in Network Analyst using
a log2 transformation, and an adjusted p-value of 0.01
and log2 fold change of 2.0 were used as thresholds to
identify DEGs. Using the matrices downloaded from
GEO, significant gene matrices of the DEGs were pro-
duced in Microsoft Excel. The DEGs were then con-
verted into their equivalent official gene symbols, and
their log2 fold changes calculated from their count val-
ues so heatmaps could be produced using a program
called TBtools [13].

GO and KEGG pathway enrichment analysis of DEGs
g:Profiler [14] was used to perform pathway enrichment
analysis of the DEGs using their official gene symbols.
Gene ontology (GO) is a data source which focuses on
the functions of genes and the GO terms are divided
into molecular function (MF), biological processes (BP)
and cellular component (CC). Moreover, Kyoto Ency-
clopedia of Genes and Genomes (KEGG) terms focus
on the biological pathways of the DEGs. Together they
can provide overall functional profiling of the DEGs.

The input parameter of either homo sapiens or mus
musculus could be chosen depending on the data set
analysed. g:Profiler has a few threshold algorithms to
enrich terms, the one used was the g:SCS method to
correct for the multiple testing problem. This occurs
in pathway enrichment analysis of genes due to the
high numbers of alternative hypotheses being tested
at once (whether the GO and KEGG terms are signifi-
cant), causing a higher chance of false positive results.
Therefore, this algorithm was used as it provides a
more accurate threshold between significance and non-
significance [14]. A p-value threshold of <0.05 was used
to screen for the statistically significant results.
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PPI network construction and functional subcluster
analysis

Protein-protein interaction (PPI) networks were pro-
duced using a website called Search Tool for the Retrieval
of Interacting Genes (STRING) [15] and a program called
Cytoscape (Version 3.8.2) [16], a software for visualis-
ing molecular interactions and biological pathways. The
PPI networks were created using STRING and imported
into Cytoscape, where they were annotated and edited as
appropriate. The add-on MCODE was also downloaded
through Cytoscape, and this was used to produce sub-
clusters of the densely connected parts of the networks.
The genes in these subclusters also underwent pathway
enrichment analysis to find their GO and KEGG terms.

Analysing the GO and KEGG terms and up-

or down-regulation of genes

Using g:Profiler, the genes related to the GO and KEGG
terms could be retrieved. To confirm if they were up-
or down-regulated, this was done manually by locating
these genes from the significant gene’s matrices, pro-
duced from the GEO matrices. Their log2 fold changes
were then calculated to find if they were up- or down-
regulated in the iPSC-CMs compared to the undifferen-
tiated iPSCs. Using this data, they were then ranked to
show which genes had the highest and lowest log2 fold
changes, and which genes were up- or down-regulated.

Results

Identification of DEGs

The normalisation box plots after log2 normalisation for
both the human and mouse data sets show that the data
has been correctly normalised with an appropriate range
of values for data analysis, as shown in Fig. 1.

The heatmaps produced by TBtools are shown in
Fig. 2. By undergoing differential expression analysis,
in GSE17579 (human model) 471 DEGs were identified
(Fig. 2a), and in GSE18514 (mouse model) 972 DEGs
were identified (Fig. 2b). They show the DEGs which
are significant at the threshold of a log2 fold change of
2.0. These verify that the undifferentiated iPSCs and the
iPSC-CMs have different gene expression profile com-
pared to one another for the DEGs. The volcano plots
(Fig. 3) also show the non-significant genes and signifi-
cant up- and down-regulated genes.

GO and KEGG pathway enrichment analysis of DEGs

Table 1 shows the top 10 ranked GO and KEGG terms for
the DEGs, for both the human and mouse models, pro-
duced in the pathway enrichment analysis from g:Profiler.
Looking at the human data set (Table 1a), enrichment
analysis showed that: for MF, DEGs were most enriched
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Fig. 1 Normalisation box plots- Box plots of normalised data sets of iPSCs and iPSC-CMs produced after the data was normalised in Network
Analyst using a log2 transformation. Black lines in the boxes represent the median values. a the human data set, GSE17579. b mouse data set,

GSE18514

in relation to extracellular matrix (ECM) and muscle
structure, and binding of proteins, growth factors, signal-
ling receptors, platelet-derived growth factor, actin, and
glycosaminoglycans; for BP, DEGs were most enriched
in relation to the development of the circulatory system,
heart, and other tissues and organs, and developmental
and system processes; for CC, DEGs were most enriched
in relation to structural components of the ECM and

muscle; for KEGG, DEGs were most enriched in relation
to ECM-receptor interactions, focal adhesion, signalling
pathways of TGF-beta, PI3K-Akt, regulation of pluripo-
tency of stem cells, and cardiac muscle contraction.

In comparison, pathway enrichment analysis in the
mouse data set in Table 1b showed that: for MF, DEGs
were most enriched in relation to exo-alpha- and alpha-
sialidase activity and protein tyrosine/serine/threonine
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Fig. 2 Heatmaps- Heatmaps which show hierarchical clustering analysis results of the DEGs from both the mouse and human data matrices and
show those genes which are significant at a threshold of a log2 fold change of 2.0. Each column represents a sample, and each row represents a
DEG. Blue shows a lower value for gene expression while red shows a higher value for gene expression. a the human data set, GSE17579. b mouse

data set, GSE18514

phosphatase activity; for BPs, DEGs were most enriched
in relation to ganglioside catabolic, oligosaccharide cata-
bolic, and nervous system processes; for CC, DEGs were
enriched in relation to intermediate filaments and the
intermediate filament cytoskeleton; for KEGG, DEGS
were enriched in relation to the estrogen signaling
pathway.

Table 2 shows a table of the shared DEGs between the
two data sets, allowing them to be compared with one
another. There are genes which are involved: in cardio-
myocyte formation, including TMOD1, which encodes
a member of the tropomodulin family and has roles in
regulating the organisation of actin filaments; in angio-
genesis, including VEGFC and VASH2 (as well as VEGFC

being involved in endothelial formation); bone formation
and remodelling, including FRZB and SPP1 respectively;
oxidation of low-density lipoproteins, including OLRI;
stem cell proliferation and renewal, including NANOG.

PPI network construction and functional subcluster
analysis

Figure 4 shows the PPI networks of iPSC-CMs produced
from Cytoscape, and Table 3 shows the top 10 hub genes
present in each of the PPI networks. The PPI network
produced from the human data set (Fig. 4a) is composed
of 398 nodes and 2271 edges, and the PPI network from
the mouse data set (Fig. 4b) is composed of 663 nodes
and 1780 edges.
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Fig. 3 Volcano plots: Volcano plots of all genes in the data sets, with each dot representing an individual gene. Blue dots show the genes which are
downregulated, red dots show the genes which are upregulated, and the grey dots are genes which are non-significant. The X-axis is the log2-base
fold change, and the Y-axis is the -log10-base adjusted P-value. a the human data set, GSE17579. b mouse data set, GSE18514

The top 3 subclusters for both the human and mouse
networks, which included hub genes, were retrieved,
and can be seen in Fig. 5. For each subcluster, their top
5 genes with the highest coexpressions are shown in
Table 4. Pathway enrichment analysis was also under-
taken on the genes in these subclusters to find their GO
and KEGG terms, and these can be seen in Table 5.

The top 3 human subclusters contain: Human a (Ha)-
40 nodes and 285 edges, human b (Hb)- 26 nodes and
57 edges, human c (Hc)- 10 nodes and 19 edges (Fig. 6a).
Pathway enrichment analysis in these subclusters showed
that enriched genes were related to: Ha- ECM structure,
muscle contraction, and myopathies; Hb- structural,

signalling receptor and growth factor binding, develop-
mental processes, platelets, diabetes pathway, and focal
adhesion; He- protein ubiquitination, sarcomeres, myofi-
brils, and contractile fibres. The top 3 mouse subclusters
contain: Mouse a (Ma)- 13 nodes and 78 edges; mouse b
(Mb)- 14 nodes, and 44 edges, mouse ¢ (Mc)- 55 nodes
and 178 edges (Fig. 5b). Pathway enrichment analy-
sis showed that the enrichments were related to: Ma-
GPCR and transmembrane receptor activity, calcium
and chemical ion homeostasis, and neuron/axon/ligand-
receptor interactions; Mb- RNA/nucleic acids, RNA and
mRNA processing and spliceosomes and RNA splicing;
Mc- DNA repair, cell cycle and chromosomes.
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Table 1 Top 10 ranked GO and KEGG terms for DEGs for a) human or b) mouse data sets

Category GOID Description Gene Count P-value

a. Human top 10 ranked GO and KEGG terms
GO:MF GO:0005201 Extracellular matrix structural constituent 31 2934 % 107'°
GO:MF GO:0005198 Structural molecule activity 56 5755% 10713
GO:MF GO:0005515 Protein binding 405 3072x 10710
GO:MF GO:0019838 Growth factor binding 22 6.965 x 1071°
GO:MF GO:0005102 Signalling Receptor binding 85 6.875x107°
GO:MF GO:0008307 Structural constituent of muscle 12 1.147 x 1077
GO:MF GO:0048407 Platelet-derived growth factor binding 7 6.545%x 1077
GO:MF GO:0003779 Actin binding 33 4224%107°
GO:MF G0:0030020 Extracellular matrix structural constituent conferring tensile strength 10 1576 %107
GO:MF GO:0005539 Glycosaminoglycan binding 22 2948 x 107>
GO:BP GO:0072359 Circulatory system development 125 4102 x107%
GO:BP G0:0009888 Tissue development 164 3639 % 1074
GO:BP GO:0009653 Anatomical structure morphogenesis 190 1.027 x 1073
GO:BP GO:0007507 Heart development 87 1.102%x107%°
GO:BP GO:0048856 Anatomical structure development 286 3.192x 10736
GO:BP GO0:0048513 Animal organ development 213 4501 x 10~
GO:BP GO:0007275 Multicellular organism development 269 3918 x 107
GO:BP G0:0032502 Developmental process 295 1495 % 10733
GO:BP GO:0048731 System development 251 5654 x 10733
GO:BP G0:0032501 Multicellular organismal process 325 1.979 x 10732
GO:CC G0:0031012 Extracellular matrix 65 4532107
GO:CC G0:0062023 Collagen-containing extracellular matrix 52 4427 x107%°
GO:CC GO:0043292 Contractile fiber 40 7417 x107%
GO:CC GO:0030016 Myofibril 36 7681 x 1077
GO:CC G0:0030017 Sarcomere 34 1992 x 107
GO:CC GO:0099081 Supramolecular polymer 69 648210713
GO:CC GO:0099512 Supramolecular fiber 68 1488 x 10712
GO:CC GO0:0005788 Endoplasmic reticulum lumen 35 5127 x 10712
GO:CC GO:0031674 I band 23 1.046 x 10710
GO:CC G0:0099080 Supramolecular complex 75 7206 x 10710
KEGG KEGG:04512 ECM-receptor interaction 15 2194 % 107°
KEGG KEGG:04510 Focal Adhesion 20 9.739%x 107
KEGG KEGG:04350 TGF-beta signaling pathway 13 2084 x 1074
KEGG KEGG:05414 Dilated cardiomyopathy 13 2664 x 1074
KEGG KEGG:04550 Signaling pathways regulating pluripotency of stem cells 16 2869 % 1074
KEGG KEGG:04260 Cardiac muscle contraction 12 5.994 x 1074
KEGG KEGG:04974 Protein digestion and absorption 13 6676x 107"
KEGG KEGG:05410 Hypertrophic cardiomyopathy 12 8583 % 1074
KEGG KEGG:04151 PI3K-Akt signaling pathway 25 2335% 1073
KEGG KEGG:04261 Adrenergic signaling in cardiomyocytes 13 3488 %1072

b. Mouse top 10 ranked GO and KEGG terms.
GO:MF GO:0004308 Exo-alpha-sialidase activity 4 1652x 1073
GO:MF GO:0016997 Alpha-sialidase activity 4 16521073
GO:MF GO:0052794 Exo-alpha-(2-> 3)-sialidase activity 4 1652 % 1073
GO:MF GO:0052795 Exo-alpha-(2- > 6)-sialidase activity 4 1652 % 1073
GO:MF GO:0052796 Exo-alpha-(2- > 8)-sialidase activity 4 16521073
GO:MF GO:0008138 Protein tyrosine/serine/threonine phosphatase activity 10 5683 % 1073
GO:BP GO:0006689 Ganglioside catabolic process 5 4131x1073
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Table 1 (continued)

Category GOID Description Gene Count P-value
GO:BP GO:0009313 Oligosaccharide catabolic process 5 2322% 1072
GO:BP GO:0050877 Nervous system process 128 3665 % 1072
GO:CC G0O:0005882 Intermediate filament 26 1448 x 107
GO:CC GO:0045111 Intermediate filament cytoskeleton 26 3344 %1073
KEGG GO:04915 Estrogen signaling pathway 19 1.095x 1073

Table 2 The shared DEGs between the humans and mouse data sets

Gene Symbol Human Mouse

Undifferentiated iPSC Average iPSC-CM Average Count Undifferentiated iPSC Average iPSC-CM
Count Value Value Count Value Average Count
Value

TMOD1 —4.21854 4.16611 3.72087 —3.75938

FRZB —3.10053 3.00953 9.05710 —9.05943

OLR1 —291656 2.80220 —2.31776 2298521

PRPH —2.83795 267263 —2.49088 2479128

SPP1 —2.79341 2.60690 —2.03960 2022672

VEGFC —245415 242974 —2.16861 216018

DUSP1 —2.31521 224014 —2.66451 251438

SH3RF2 —2.00987 1.99280 2.76080 —2.79137

NANOG 2.35317 —2.36439 —248918 244925

VASH2 247692 —2.51421 2.36900 —2.38212

Analysing the GO and KEGG terms and up-

or down-regulation of genes

Tables were produced to show the top 5 up- and down-
regulated genes for each GO and KEGG term in the
networks, as well as each of the subclusters analysed, as
shown in Table 6, Additional file 2 Table S4, and Addi-
tional file 3 Table S5 in the Supplementary Information.
Table 6 summarises the full data from the Additional
file 2 Table S4 and Additional file 3 Table S5 by show-
ing most commonly up- and down-regulated genes from
the GO and KEGG terms for the human and mouse
data sets. All the software and websites used in this
paper can be found in the Additional file 4 Table S6. Fig-
ure 6 also shows a summary of the top 10 human and
mouse hub genes (Table 3), as well as the shared DEGs
(Table 2), and their count values to show if they are up-
or down-regulated.

Discussion

Several key pathways and genes related to iPSC-CM
development and various physiological processes, such
as vascular regeneration and prevention of calcification,
were identified. These provide guidance and hypoth-
eses for the development of iPSC therapies, such as for
aortic stenosis, where cells could not only regenerate

endothelium and muscle cells, but also coded for pro-
teins which helped to prevent calcification. Angiogen-
esis is one of the key challenges in tissue engineering
[17], and there are many novel methods which are being
used to try and increase the vascularisation in angiogen-
esis, including using stem cells. Studies by Geiger et al.
showed that transfection of mesenchymal stem cells
with VEGF-plasmid DNA increased vascularisation and
resorption of bone substitute scaffolds, as well as leading
to a more homogenous vascularisation, demonstrating
the potential of angiogenic factors [18].

From the human data, there are several pathways relat-
ing to angiogenesis. Firstly, the PI3K-Akt pathway is
involved in the development of blood vessels during both
normal and tumour development, where it mediates vari-
ous angiogenic factors, especially VEGF [19]. Looking
at Table 6, we can also see that COL3A1 is a commonly
up-regulated gene, and it is involved in the production
of type III collagen, a major component of larger blood
vessels [20]. Moreover, the results show upregulation of
platelet-derived growth factor (PDGF), which is involved
in angiogenesis, especially PDGF receptor beta [21, 22].
Moreover, VASH2, a potent angiogenic growth factor,
is downregulated in the human model for the GO term
actin binding. This may be attributed to its potential
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Fig. 4 The PPl networks of all the DEGs. They were edited in Cytoscape with continuous mapping so the colour and size of the node reflected the
connection degree. This meant the redder, larger nodes represent a higher connection degree, while the bluer, smaller nodes represent a lower
connection degree. For those DEGs, the maximum threshold for coexpression was set as 0.999 and the minimum threshold as 0.0, with values
around 0.5019 coloured whiter. The top 10 nodes with the highest connection degrees are known as the hub genes in the PPl networks. a the
human data set, GSE17579. b mouse data set, GSE18514
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Table 3 Top 10 most significantly up-regulated genes (Hub
Genes) from the PPl Networks of a) human or b) mouse data sets

Rank Gene Symbol Coexpression

a.Top 10 human hub genes
1 FGB 0.992
2 COL1A1 0.991
3 AURKB 0.972
4 COL1A2 0.965
5 COL3A1 0.933
6 CKM 0.825
7 MYL7 0.820
8 DUSP1 0.793
9 CDH11 0.782
10 FAMG4A 0.776

b. Top 10 mouse hub genes
1 RPL10A 0.999
2 TNNC2 0917
3 COX7A2 0.904
4 ESCO2 0.858
5 SREK1 0810
6 DDX10 0.804
7 FNBP4 0.801
8 UQCRFST 0.801
9 MRPL18 0.782
10 IMP3 0.771

inhibition of angiogenesis along with its family member
VASHI1 reported in [23]. In unsurprised contrast, most of
the upregulation of angiogenesis from VASH2 has been
shown in tumours rather than normal blood vessel for-
mation [24-27]. VEGFC is also upregulated in Table 2,
which encodes for vascular endothelial growth factor C, a
protein which promotes angiogenesis [28].

In terms of striated muscle, the human data shows
upregulation of significant GO and KEGG terms in rela-
tion to the development of the circulatory system, heart,
and general anatomy, and the formation of myofibrils,
sarcomeres, and contractile fibers. Moreover, key genes
are upregulated such as MYOM1, MYH6 and MYH?7, as
shown in Table 6, with MYH7 being a key marker for ven-
tricular cardiomyocytes (Table S2). We can identify the
cells as cardiomyocytes due to the marker TNNT2 which
is upregulated in the human iPSCs-CMs, and in contrast,
has a low expression in smooth muscle cells [29]. Upregu-
lation of genes related to the formation of smooth muscle
or endothelial development are also important because
these are key parts of vascular structure. By comparing
key genes involved in smooth muscle development with
the human data, one of the most upregulated genes,
LUM, is also expressed in aortic smooth muscle cells
[30]. Here it has a key role in regulating collagen matrix
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assembly, as well as aiding in cell migration and prolif-
eration. Other related genes found in this study include
ACTA2, which encodes a-smooth muscle actin, involved
in smooth muscle contractility and blood pressure home-
ostasis [31, 32]. This is a known marker of smooth muscle
cells (Table S2), indicating the possibility of the presence
of smooth muscle cells. MYH11 which codes for myosin
in smooth muscle cells [33], MYOMI1 which codes for the
protein titin, and the aforementioned protein COL3A1
[29], are all shown to be upregulated in the data, and are
all also present in smooth muscle cells.

There are fewer genes in the human data related to
endothelium formation, apart from the only notable one
being VEGFC, which is also involved in endothelial cell
growth [28]. In comparison, looking at the top 10 hub
genes in the mouse data, TNNC2 (which encodes tro-
ponin, a key protein in striated muscle contraction), is
the only hub gene to show specific expression to cardio-
myocytes. The other hub genes show several different
pathways expressed in the GO and KEGG terms, such
as RNA processing and splicing, as well as chromosome,
ribosome, and cytoskeletal formation, showing less gene
expression in terms of angiogenesis, smooth muscle, and
endothelial formation. However, several terms can still be
linked to cardiomyocytes. Firstly, the estrogen pathway is
upregulated, which is known to promote cardiac regen-
eration and have cardioprotective effects [34]. Moreover,
the terms Cellular calcium ion homeostasis and Cellular
chemical homeostasis show that there are processes reg-
ulating calcium and transmitting calcium ion currents
throughout the mouse iPSC-CMs. These results reflect
that the mouse iPSC-CMs have more pathways related
to the prevention of calcification compared to human
iPSC-CMs. From the human data, the KEGG term TGF-
beta signaling pathway is upregulated, which may relate
to calcification and aortic stenosis. The TGF-beta signal-
ing pathway is involved in elongating glycosaminoglycan
(GAG) chains, which causes lipoproteins to accumulate.
Lipids will then take part in the calcification process by
being modified by enzymes into various lipid-derived
compounds [2].

Comparing the shared DEGs in Table 2, most of them
are expressed with similar trends, except for TMOD]I,
FRZB and NANOG. TMODL1 is gene coding for the pro-
tein tropomodulin 1, involved in capping the end of actin
filaments in sarcomeres in the mouse. The CVDs asso-
ciated with TMOD1 include hypertrophic and dilated
cardiomyopathy [35, 36]. Opposite trends of TMOD1 in
both iPSCs and iPSC-CMs are detected, which is down-
regulated in the mouse iPSC-CM but upregulated in
human’s, and vice versa for undifferentiated iPSCs. More-
over, expression of the KEGG terms Hypertrophic car-
diomyopathy and Dilated cardiomyopathy in subcluster
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Fig. 5 Subclusters produced from the PPl network using MCODE. These show the top three most significant modules in which hub genes from
the original PPl networks are present. The colour and size of the node reflects the connection degree, with the redder, larger nodes having a higher
connection degree, while the bluer, smaller nodes having a lower connection degree. a Subclusters Ha (Human a), Hb (Human b), and Hc (Human
¢) from the human data set, GSE17579 (b) Subclusters Ma (Mouse a), Mb (Mouse b), and Mc (Mouse c) from the mouse data set, GSE18514. These

show which subclusters and genes are related to which processes

Ha shows that upregulation of TMOD1 might be associ-
ated with a higher rate of CVDs in the human iPSC-CMs.
This may give a warning that potential conflicting results
could have been obtained using TMOD]1 as a marker in
mice and humans.

CVDs such as aortic stenosis are also associated with
the “osteoblastic transition of cardiac valve interstitial
cells” [3], so it is also important to look at genes related

to bone formation. FRZB is a gene whose overexpres-
sion is linked to osteogenesis. Looking at Table 2, it is
upregulated in the human data set but downregulated in
the mouse data, showing that perhaps the human cells
are more prone to osteogenesis in the aortic stenosis pro-
cess [37]. However, for both data sets, SPP1 is upregu-
lated, which is related to bone remodelling [38], with the
human data set having a higher up-regulation. Overall,
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Table 4 Top 5 Ranked genes in each subcluster from a) human
or b) mouse data sets

Rank 1 2 3 4 5

a.Top 5 ranked genes in each of the subclusters from the human
dataset

Subcluster Ha (Human a)

Gene COL1A2 COL3A1 MYL7 CDH11 COL5A2
Symbol
Coexpres- 0.965 0.933 0.820 0.782 0.768
sion
Subcluster Hb (Human b)
Gene FGB COLTAT  DPPA4 L1TD1 GDF3
Symbol
Coexpres- 0.992 0.991 0.578 0.546 0.535
sion
Subcluster Hc (Human ¢)
Gene SMPX MLIP CDC20 SYNPO2L HERC5
Symbol
Coexpres- 0.972 0.968 0.793 0.776 0.631
sion

b. Top 5 ranked genes in each of the subclusters from the mouse
dataset

Subcluster Ma (Mouse a)

Gene FPR1 TAS2R105 TAS2R106 NMU CD5
Symbol
Coexpres- 0.701 0.164 0.094 0.062 0.062
sion
Subcluster Mb (Mouse b)
Gene DDX24  TRCGI GNL3 TFB2M TEX10
Symbol
Coexpres- 0.763 0.642 0.628 0.547 0.505
sion
Subcluster Mc (Mouse c)
Gene ESCO2  DDX10 IMP3 SMC2 HJURP
Symbol
Coexpres- 0.858 0.804 0.771 0.748 0519
sion

both genes show the human iPSC-CM’s networks are
associated with increased bone remodeling compared to
the mouse iPSC-CMs.

While the human data downregulates NANOG for
stem cell proliferation and renewal, the mouse data has
upregulation, which could be a reflection on their relative
times in culture, which will be discussed in the limita-
tions section.

In comparison, the genes upregulated in angiogenesis
and endothelial formation show consistent trends in both
mouse and human. Both iPSC-CMs stimulate these pro-
cesses, as shown by upregulation in both data sets for
VEGEC and downregulation in both for VASH2, show-
ing similarities between the data sets in Table 3, in agree-
ment with previous studies in literature [23-28].

For both data sets there is upregulation of OLR1. OLR1
is a risk factor for coronary artery disease (CAD) because
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it encodes lectin-like oxidised low-density lipoprotein
receptor-1 (LOX-1), which increases the absorption and
degradation of oxidised low-density lipoproteins (ox-
LDLs) in cells [39, 40]. Therefore, both the human and
mouse data sets can be linked to also being involved in
calcification and aortic stenosis since many studies show
a link between higher levels of ox-LDL and fibro-calcific
modelling in aortic valves [41, 42].

There were a couple of limitations with this study, the
first being that each data set downloaded had limited bio-
logical replicates, with only 3 each for both the undiffer-
entiated iPSCs and differentiated iPSC-CMs, so there is
limited in vitro data. Moreover, there was no in vivo data
or data from disease states, which means that we would
need further data to verify conclusions on these topics.

Moreover, since the experiments were conducted by two
separate groups, there were differences in the methodology
between the groups. For example, the human iPSC-CMs
were produced via co-culture with the murine visceral
endoderm-like cell line END2 [9, 10], while the mouse
iPSC-CMs were produced via introducing a transgene into
the murine iPSCs. Furthermore, slight differences such as
the fact that the genetic expression in mouse iPSC-CMs
was tested on day 16, while the human iPSC-CMs were
tested on day 18, could be the reason why the shared DEG
NANOG was more highly expressed in the mouse iPSC-
CMs, since it could reflect that they had a more immature
phenotype compared to the human iPSC-CMs.

Another issue in our study includes the varying efficacy
of differentiation of the iPSCs. Other methods could be
investigated so that a higher proportion of the iPSCs can
be successfully differentiated into the desired cells. Sev-
eral biophysical factors and the concentration, timing
and the mixture of factors/molecules will affect the effi-
ciency of the differentiation pathways. Our data provides
a starting point in helping to identify the genetic makeup
of the iPSC-CMs, and by looking at how this can affect
their behavior and how they differentiate into the desired
cells, this could be utilised in this further research. This
variation in differentiation is shown by the fact that the
murine iPSC-CMs display fewer myosin related genes,
and genes related to things such as sarcomere assembly
or muscle function. Typically, iPSC-CMs are cultured for
35-40days post differentiation to allow for maturation
into CMs before any studies are done, so the biological
and physiological differences shown in the data could
have been due to the mouse and human iPSC-CMs being
at different points of maturation than normal. Other pos-
sible causes of this could have been due to the differences
in the species themselves, any possible epigenetic pattern
retention, or the different methods of their differentiation
which could have led to the cells going down different
developmental routes.
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Table 5 Pathway enrichment analysis to show the significantly enriched GO and KEGG terms for each subcluster from a) human or b)

mouse data sets

Category GOID Description Gene Count P-value

a. Pathway enrichment analysis to show the top 3 GO and KEGG terms of Subcluster Ha
GO:MF GO:0005201 Extracellular matrix structural constituent 15 1.032% 1078
GO:MF GO:0005198 Structural molecule activity 21 1.084 % 107"
GO:MF G0:0030020 Extracellular matrix structural constituent conferring tensile strength 8 6423 x 107"
GO:BP GO:0006936 Muscle contraction 19 3864 % 1077
GO:BP GO:0003012 Muscle system process 20 1377xx 1078
GOBP G0:0070252 Actin-mediated cell contraction 13 5983 x 1078
GO:CC GO:0099081 Supramolecular polymer 25 2044 x 1072
GO:CC G0:0099512 Supramolecular fiber 24 5.143x 107"
GO:CC G0:0099080 Supramolecular complex 25 1732x 107"
KEGG KEGG:04260 Cardiac muscle contraction 9 1136 % 1077
KEGG KEGG:05410 Hypertrophic cardiomyopathy 9 1554 1077
KEGG KEGG:05414 Dilated cardiomyopathy 9 2.554 % 107°

b. Pathway enrichment analysis to show the top 3 GO and KEGG terms of Subcluster Hb
GO:MF GO:0008307 Structural constituent of muscle 4 1214%107*
GO:MF GO:0005102 Signaling receptor binding 11 2258 % 1073
GO:MF GO:0019838 Growth factor binding 4 1264 %1073
GO:BP GO:0072359 Circulatory system development 14 2763 x 1077
GO:BP G0:0032502 Developmental process 24 1.135% 1072
GO:BP GO:0035019 Somatic stem cell population maintenance 5 1171x 107
GO.CC GO:0031093 Platelet alpha granule lumen 4 4123 % 107*
GO.CC GO:0031091 Platelet alpha granule 4 1430x 1073
GO:.CC GO:0030017 Sarcomere 5 1844 % 1073
KEGG KEGG:04933 AGE-RAGE signaling pathway in diabetic complications 4 4815%x 1073
KEGG KEGG:04510 Focal adhesion 5 5074 % 1073

c. Pathway enrichment analysis to show the top 3 GO and KEGG terms of Subcluster Hc
GO:BP GO:0016567 Protein ubiquitination 5 4006 x 1072
GO:.CC GO:0030017 Sarcomere 5 3.883x107°
GO:.CC GO:0030016 Myofibril 5 6403 % 107°
GO:CC GO:0043292 Contractile fiber 5 8076 x 107°

d. Pathway enrichment analysis to show the top 3 GO and KEGG terms of Subcluster Ma
GO:MF GO:0004930 G protein-coupled receptor activity Transmembrane signalling receptor activity 10 2363 % 107°
GO:MF GO:0004888 Transmembrane signalling receptor activity 10 1200% 107°
GO:MF GO0:0038023 Signaling receptor activity 10 2208x107°
GO:BP GO:0007186 G protein-coupled receptor signalling pathway 13 5287 x 10710
GO:BP GO:0006874 Cellular calcium ion homeostasis 6 2908 x 107
GO:BP GO:0055082 Cellular chemical homeostasis 7 3336x 1074
GO:CC GO:0043679 Axon terminus 3 1745 % 1072
GO:CC G0O:0044306 Neuron projection terminus 3 2350 1072
KEGG KEGG:04080 Neuroactive ligand-receptor interaction 6 3988 % 107
KEGG KEGG:04742 Taste transduction 3 1.856 x 1072

e. Pathway enrichment analysis to show the top 3 GO and KEGG terms of Subcluster Mb
GO:MF GO:0003723 RNA binding 9 9.759x 1078
GO:MF GO:0003676 Nucleic acid binding 10 4231x107°
GO:MF G0:0043021 Ribonucleoprotein complex binding 4 1366x 107*
GO:BP GO:0006396 RNA processing 9 2465 x 1078
GOBP GO:0008380 RNA splicing 7 3751 %1077
GO:BP GO:0006397 mMRNA processing 7 1214% 1078
GO.CC GO:0005687 U4 snRNP 3 2.365x 107°
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Table 5 (continued)

Category GO ID Description Gene Count P-value
GO:CC GO:0097525 Spliceosomal snRNP complex 2.365 x 107°
GO:.CC GO:0030532 Small nuclear ribonucleoprotein complex 4 4758 x 1076
KEGG KEGG: 03040 Spliceosome 3.249%107°

f. Pathway enrichment analysis to show the top 3 GO and KEGG terms of Subcluster Mc
GO:MF G0:0004386 Helicase activity 6 1539% 1073
GO:MF GO:0017111 Nucleoside-triphosphatase activity 11 3713%x 1073
GO:MF GO:0016462 Pyrophosphatase activity 11 6.465 % 1073
GO:BP GO:0006281 DNA repair 9 5244 x 1073
GO:BP G0:0022402 Cell cycle process 13 5321 %1073
GO:BP GO:0000280 Nuclear division 8 1472 x 1072
GO:CC G0:0000776 Kinetochore 7 1582%x107°
GO:CC GO:0005694 Chromosome 14 5991 x 10~
GO:.CC GO:0098687 Chromosomal region 8 9.539x107°
KEGG KEGG:03440 Homologous recombination 7741 x 107
KEGG KEGG:04962 Vasopressin-regulated water reabsorption 3362% 1072
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Fig. 6 Bubble plot showing up- and down-regulation of genes- This shows the top 10 human and mouse hub genes, as well as the shared DEGs
between the data sets, and their count values for both the undifferentiated iPSCs and the iPSC-CMs. A blue glow behind the dots represents
down-regulation of the DEG, while an orange glow represents up-regulation of the DEG. The four shared DEGs which express opposite trends
between the human and mouse data sets are labelled (TMOD1, FRZB, SH3RF2, NANOG). Note: For the top 10 mouse hub genes, SREK1 is not
plotted because it did not have an equivalent Official Gene Symbol in the conversion table, so its count values were unable to be retrieved

In our future work something that would be pertinent
firstly would be to confirm the results of the bioinfor-
matics analysis using qPCR or western blotting to look
at the gene expression profiles of the iPSC and iPSC-
CMs. Moreover, following on from this we can then
start to investigate specific systems discussed above,

such as confirming the mechanisms and genes involved
in angiogenesis, calcification, sarcomere assembly and
muscle function etc. and be able to see the complex
dynamic systems we have only partly touched on so far.
For example, the mouse iPSC-CMs have more pathways
in the data related to calcification prevention than human
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Table 6 Top 5 most commonly up- and down-regulated genes for data sets

Rank Human Data Set Mouse Data Set
Most commonly up-regulated  Most commonly down- Most commonly up-regulated Most commonly
genes regulated genes genes down-regulated

genes

1 MYH7 ACTN3 ZMAT2 DCTN2

2 MYH6 COL9A2 CD2BP2 PRPF31

3 COL3A1 MAP7 PTGIR DDX1

4 LUM ALPL CALM3 ADRA2A

5 NPPA PAK1 DYNCILI2 ZW10

iPSC-CMs, but due to the complex regulatory systems
involved in this, things such as the ion channels involved
would need to be clarified using experiments such as
qPCR. In addition, comparing the iPSC-CMs of mouse
and humans to primary cardiomyocytes from the respec-
tive organisms is also valable to see how genetically simi-
lar they are.

Further research about the cell delivery to diseased
tissues in vivo is also important. As shown in Table
S3, there are studies investigating the way these cells
can actually be delivered/applied to diseased tis-
sues, for instance using heart patches [43]. In future
research, we can use iPSCs to produce an iPSC-loaded
heart-valve scaffold, and then investigate how this can
help to treat CVDs. We can investigate the effect of
the scaffold on the delivery and survival of the cells,
and the efficacy of treatment in vivo. This allows us to
further investigate how iPSC-CMs can be more effi-
ciently utilised in cardiovascular diseases, using our
current study as a foundation for how iPSC-CMs may
differ in their genetic makeup, and thus their behavior
in research.

Conclusion

This study analysed the gene expression profiles
between human and mouse iPSC-derived cardiomyo-
cytes. DEGs were identified, pathway enrichment
analysis was performed to find GO and KEGG terms,
and PPI networks and subclusters were constructed
and analysed. The results show that iPSC-derived car-
diomyocytes could be used as a potential therapeutic
for CVD, with the expression of key cardiomyocyte
genes. They also show potential in vascular, endothelial,
and smooth muscle repair, especially from the human
iPSC-CMs, and prevention of calcification in the mouse
iPSC-CMs, due to the genes expressed. It also indicates
how in vivo studies using mouse iPSC-CMs may not
reflect those in humans due to the clear differences in
gene expression between the species, which affects how

iPSCs will act in research. This is the first study which
has shown comprehensive information on the genetic
differences between human and mouse iPSC-CMs
and highlighting key areas where they may be used for
design and validation of iPSC therapeutics.
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ELISA Enzyme-linked immunosorbent assay
LCMS Liquid chromatography-mass spectroscopy
GEO Gene Expression Omnibus

RNA Ribonucleic acid

DEGs Differentially Expressed Genes

GO Gene Ontology

MF Molecular function

BP Biological processes

CcC Cellular component

KEGG Kyoto Encyclopedia of Genes and Genomes
PPI Protein-protein interaction

STRING Search Tool for the Retrieval of Interacting Genes
ECM Extracellular matrix

Ha Human a

Hb Human b

Hc Human ¢

Ma Mouse a

Mb Mouse b

Mc Mouse ¢

PDGF Platelet-derived growth factor
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